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Increasing anthropogenic pressures coupled with global climate change have 
resulted in rapid degradation of coral reefs worldwide, necessitating the 
implementation of active measures to hasten the recovery process. Amongst 
the techniques developed for reef restoration, recent advancement has 
explored the use of sexually propagated scleractinian corals for 
transplantation to the reef, by capitalizing on the high fecundity of corals to 
produce large numbers of genetically diverse propagules. Hence, the main 
objectives of this study were to assess and improve the feasibility of using 
sexually propagated scleractinian corals for reef restoration.  
 
In this dissertation, pragmatic approaches for the ex situ collection and 
rearing of coral larvae from both broadcasting and brooding coral species 
were first developed. Based on the observations on embryonic development 
and larval behaviour, the techniques for potential scaled up efforts were then 
further refined. A proof-of-concept study was then conducted in Bolinao, 
Philippines by rearing two species of slow-growing Faviid corals from larvae 
and was transplanted to the reef. The results suggested that this technique is 
technically viable for reef restoration despite it being a relatively expensive 
approach. It was also apparent that the bottleneck of this technique resided in 
the initial ten months of the ex situ rearing phase, which had the highest 
mortality rate. Thus it was pertinent to focus on augmenting the post-
settlement growth and survival of the coral juveniles in ex situ mariculture, to 
improve the efficacy and cost-effectiveness of this technique. 
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One major impediment to the growth and survival of coral juveniles is the 
proliferation of fouling macroalgae. By examining the dietary habits of two 
grazers: the sea urchin Salmacis sphaeroides and the gastropod Trochus 
maculatus, the results revealed that the feeding habits of the biological 
controls were determinants of the resultant algal assemblage in ex situ 
mariculture. The introduction of these grazers into coral culture was beneficial 
for improving the overall health of Pocillopora damicornis juveniles and were 
efficient in limiting algal growth. The associated reduction in maintenance 
costs required further highlighted the potential of co-rearing biological controls 
with juvenile corals in ex situ mariculture. 
 
Attainment of the refuge size is instrumental for coral juvenile survival on the 
reef wherein they are particularly susceptible to biotic and abiotic stressors at 
this life stage. Through behaviourial observations, it was ascertained that 
scleractinian corals can capture and feed on zooplankton as early as two 
days post-settlement. Nutritional enhancement using live feed was useful in 
augmenting coral juvenile growth in ex situ mariculture, with flow-on effects 
after transplantation to the reef in which fed corals had higher growth and 
survival rates than the unfed controls.  
 
Taken together, this dissertation has provided key empirical evidence 
supporting the use of sexually propagated corals as source materials for 
transplantation to damaged reefs and has improved the feasibilty of this 
technique for reef restoration. 
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CHAPTER 1. GENERAL INTRODUCTION1,2 
1.1. Coral reefs at risk 
Coral reefs are one of the worldʼs most important environmental and 
economic assets (Costanza et al. 1997). The provision of refugia and food by 
coral reefs makes them an ideal habitat for many marine organisms. Over 
one million species, including over 4000 fish species, reside in coral reefs 
within the Coral Triangle located within Southeast Asia (Burke et al. 2011). In 
addition to the maintenance of fishery stocks, the ecological processes 
associated with coral reefs such as nutrient cycling and coastal protection 
provide critical benefits to more than 275 million people residing within 30 km 
of the reefs (Burke et al. 2011). The total ecosystem goods and services 
provided by coral reefs globally is estimated to be US$375 billion annually 
(Costanza et al. 1997). 
 
More than 60% of the worldʼs coral reefs are now under immediate and direct 
threats from coastal development, pollution, and unsustainable and 
destructive fishing practices (Burke et al. 2011). These anthropogenic 
pressures have been further intensified by rapid population growth and the 
increased human dependence on coastal resources. On the global scale, 
changes in climate and ocean chemistry are also severely threatening coral 
reefs. The combination of effects from both local and global threats has 
                                                
1 Part of this chapter has been published as Toh TC, Ng CSL, Chou LM (2013a). Enhancing 
resilience of coral reefs through active restoration: Concepts and challenges. In: Proceedings 
of the The Asian Conference on Sustainability, Energy and the Environment 2013 pp. 528-545. 
 
2 Part of this chapter is currently in preparation for submission as Toh TC, Ng CSL, Chou 
LM. Coral reef restoration: Conceptual framework for assessment, management 
and evaluation. 
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resulted in an unprecedented worldwide decline of coral reefs and an overall 
depression of reef resilience, even in well managed sites such as the Great 
Barrier Reef in Australia (Hughes et al. 2010; Deʼath et al. 2012), hence 
raising concerns of the potential collapse of the ecosystem worldwide. These 
concerns have been further supported by recent observations of large-scale 
phase shifts in what were originally coral-dominated areas to areas 
dominated by macroalgae and other non-coral assemblages (Done 1992; 
Bellwood et al. 2004). These drastic shifts in community dynamics can have 
severe flow-on effects on other species dependent on coral reefs (Hughes et 
al. 2010).  
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1.2. Coral transplantation as a tool for reef restoration 
Coral transplantation – The emerging need to reverse the downward 
trajectory of global coral reefs has prompted coastal managers to adopt 
different strategies for rapid intervention and rehabilitation to prevent further 
degradation (Hughes et al. 2013), leading to the advancement of reef 
restoration research. Reef restoration seeks to assist the recovery of a 
destroyed, degraded or damaged coral reef (Rinkevich 2014). The increase in 
coral cover enhances the rugosity necessary for reef associated species, 
thereby reducing the risk of local extinction (Edwards and Clark 1998). The 
economic value of fully restored reefs was estimated to be US$1.5 million ha-1 
year-1 in Florida, USA (Mattson & DeFoor 1985), and the Great Barrier Reef in 
Australia was estimated to be worth US$79 million year-1 (Hundloe 1990).  
 
In well-managed areas where natural recovery is too slow or unlikely, active 
reef restoration plays an important role (Rinkevich 1995). Such interventions 
have been pivotal in mitigating the damage to coral reefs from anthropogenic 
impacts such as ship grounding and dredging works (Kenny et al. 2012), and 
environmental disturbances such as tropical storms and mass bleaching 
(Shaish et al. 2010). Consequently, active restoration has been increasingly 
used to complement coastal management frameworks. 
 
Active reef restoration efforts can be broadly classified based on the 
characteristics of the approach. Physical restoration is designed for sites that 
receive a non-limiting supply of coral larvae, as it increases the availability of 
stable physical substrata for coral larvae settlement, colonization and growth 
(Loh et al. 2006). This approach is useful in areas impacted by blast fishing or 
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ship grounding, where unconsolidated coral rubble fields have been 
generated. The presence of a loose subtrate can impede coral larval 
settlement and reduce coral juvenile survival. Hence, the introduction of 
stabilizing media such as plastic mesh and artificial structures will help to limit 
rubble movement and facilitates the recruitment and establishment of coral 
communities (Raymundo et al. 2007).  
 
Biological restoration is useful for increasing live coral cover and diversity 
rapidly in degraded sites with low coral larval supply and which are unlikely to 
recover naturally even with the availability of suitable substrate for larval 
settlement. Transplantation can increase up to 51% of the coral cover in two 
years (Lindahl 1998), and can potentially expedite recovery by four to five 
years (Edwards & Clark 1998). This approach involves the rearing of live 
corals in a nursery as part of a “gardening” phase (Shafir et al. 2006; 
Schopmeyer et al. 2012) and subsequent transplanting of the coral materials 
to the reef (Clark & Edwards 1995; Lindahl 2003). Direct transplantation is 
commonly employed for large coral colonies and where stable substrates 
such as boulders or limestone outcrops are available for attachment in the 
recipient site. Adhesives such as cement and marine grade epoxy are then 
used to secure the colonies to the substrata (Edwards 2010; Villanueva et al. 
2012), where growth as well as biological attachment of the coral to the 
substrate can continue (Guest et al. 2011). In areas where the substrate is 
unstable, artificial structures can be used to complement coral transplantation 
efforts (Loh et al. 2006).  
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Direct transplantation of smaller coral colonies or fragments is also carried 
out, although this can be tedious. Small branching colonies in particular tend 
to detach easily from the substrata, and this can result in higher mortality at 
sites with stronger water flow (Guest et al. 2011; Villanueva et al. 2012). 
Consequently, indirect approaches employing the use of intermediate 
substrates such as coral rubble, terracotta tiles and wall plugs are often used 
to facilitate transplantation of coral fragments and juveniles (Villanueva et al. 
2012; Guest et al. 2014). The fragments are first attached to the intermediate 
substrates using adhesives or monofilament wires ex situ prior to 
transplantation and subsequently secured onto the reef with marine epoxy 
(Villanueva et al. 2012; Guest et al. 2014).  
 
Coral nurseries - The inclusion of a nursery phase in coral reef restoration 
has been shown to be effective for accelerating the growth of corals and 
functions as a genetic depository during adverse weather events (Shafir et al., 
2006; Schopmeyer et al., 2012).  
 
Ex situ nurseries utilize land-based mariculture facilities and the corals are 
usually held in tanks supplied with filtered, flow-through seawater (Ng et al. 
2012). In this way, periodic maintenance can be easily carried out to reduce 
damage to corals caused by predators or fouling macroalgae (Forsman et al. 
2006; Edwards 2010), while factors such as light intensity and water flow can 
be regulated (Nakamura et al. 2005). 
 
In situ nurseries are structures constructed to house corals in sheltered  
coasts (Shafir et al. 2006), often near the proposed transplantation sites. 
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Hence, in situ nurseries reduce the operational costs of supplying constant 
flow-through seawater but accessibility is more difficult as SCUBA diving is 
required. An in situ fixed nursery commonly consists of a PVC or metal frame 
to confer structural stability, with plastic mesh nets used to secure the corals 
on an elevated platform. Perforated nets can also be positioned above the 
corals to provide additional shading to reduce solar insolation, which would 
otherwise result in coral bleaching and mortality (Brown 1997). These fixed 
structures elevate the corals off the seabed and maximise water flow around 
the colonies, and are suitable for sheltered regions with moderate water flow 
(Soong & Chen 2003; Shafir et al. 2006, Bongioni et al. 2011) but require 
considerable maintenance regimes to reduce impacts from fouling organisms 
(Edwards 2010).  
 
In sheltered areas where water flow is reduced, in situ floating nurseries can 
be employed to increase the water flow around the corals. These mobile 
nurseries can reduce the amount of fouling and maintenance required (Amar 
& Rinkevich 2007). Floating nurseries consist of plastic or metal trays 
suspended by buoys and secured by ropes to the seabed (Shaish et al. 
2008). More recently, in situ rope nurseries were developed to simplify 
nursery construction procedures and reduce setup costs (Levy et al. 2010). 
Corals are attached to ropes suspended by supporting structures, and the 
water flow around the corals greatly increases to reduce the recruitment of 
fouling organisms (Levy et al. 2010).  
 
Source material for transplantation - The source material for 
transplantation has typically been obtained by asexually propagating 
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scleractinian corals. The coral colonies can be either removed whole or 
fragmented (Edwards 2010) and the budding of new genetically identical coral 
polyps ensues, allowing the coral tissue to grow over the injured site or the 
substrate. The ease of generating large amounts of source material rapidly 
via coral fragmentation makes this one of the most popular coral restoration 
techniques (Rinkevich 1995; Edwards 2010). Despite its benefits, the 
differential responses of coral species to fragmentation stress can result in 
unintended collateral damage to the donor colonies (Yap et al. 1992; Yap et 
al. 1998) and the reduction in genetic diversity of the transplants (Shearer et 
al. 2009). 
 
Recent advancements in reef restoration research have included the use of 
sexual propagules as source material for transplantation. This method 
involves the in situ or ex situ collection of gametes from broadcasting corals 
during mass spawning seasons, followed by assisted cross-fertilization at 
high concentrations to increase fertilization success (Guest et al. 2010). For 
brooding corals, planulae can be collected directly from the corals during 
planulation periods (Raymundo & Maypa 2004). Subsequently, the coral 
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1.3. The need for further research in propagating sexually-derived 
scleractinian corals  
The ability to generate large amounts of genetically diverse propagules via 
sexual propagation has been instrumental in promoting its use as a source 
material for reef restoration. The successful development of this technique 
can provide a sustainable source of corals, thereby reducing the reliance on 
corals harvested from the wild (Petersen et al. 2006). The increase in genetic 
diversity can further enhance coral reef resilience in response to disease 
outbreak and bleaching events (Spielman et al. 2004; McKay et al. 2005; Van 
Oppen & Gates 2006). Furthermore, genetically diverse populations have a 
greater capacity to acclimate to changing environmental conditions, thus 
lowering the risk of local extinction events and contributing to the persistence 
of coral reef ecosystems (Shearer et al. 2009) 
. 
Despite these benefits, the propagation of sexually-derived scleractinian 
corals for reef restoration remains in its nascent phase with limited attempts 
made so far (Omori 2008; Nakamura et al. 2011; Villanueva et al. 2012; 
Guest et al. 2014). Furthermore, knowledge on the early developmental 
phases of scleractinian corals have been restricted to largely experimental 
forays into this technique. To date, only a few coral species have been 
studied and the target species used for transplantation has been restricted to 
the fast-growing Acroporiids. Detailed studies examining the biological 
responses of coral species with different life-history traits to transplantation 
are necessary to ensure the success of propagating rare and endangered 
species in future restoration efforts. In addition, high post-settlement mortality 
rates of the coral juveniles have posed a major impediment to large-scale 
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implementation. The cost-effectiveness of this technique is thus significantly 
reduced, and the problem is further compounded by the high financial costs 
incurred due to the long culture time and the scientific expertise required. 
Further investigations are therefore imperative to optimize the methods 
required for the culture of sexually-propagated corals and to improve post-
settlement growth and survival. This will improve the feasibility of adopting 
this technique for reef restoration. 
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1.4. Scleractinian coral biology and its relevance to propagating 
sexually-derived corals for reef restoration 
Coral reproduction biology – The understanding of the reproductive biology 
and gametogenic cycles is an important pre-requisite for propagating 
sexually-derived corals. Sexual reproduction in scleractinian corals consists of 
two fundamental sexual systems (Fig. 1.1). Corals can either be 
hermaphroditic (both eggs and sperm developing within and attached to the 
gut of the coral polyps) or single-sex gonochoric colonies (Harrison & Wallace 
1990). A mixed sexual system (having both male and female polyps within the 
same colony) has also been observed in corals, but such occurrences are 
rare (Baird et al. 2009).  
 
The subsequent development of coral larvae (planulae) can be classified into 
two reproductive modes (Fig. 1.1). Broadcast spawning corals release their 
gametes into the water and fertilization takes place externally. Coral spawning 
usually occurs during specific periods within a year and the timing can vary 
across geographical locations and among species (Baird et al. 2009). Coral 
gametogenic cycles can take months to complete, but embryogenesis is 
usually completed within 18 to 24 hours after fertilization (Guest et al. 2010). 
Embryonic development is an extremely vulnerable phase and thus the 
methods for larval rearing have to be optimized to reduce larval mortality.   
 
Conversely, brooding corals reproduce sexually by internal self-fertilization or 
by taking up sperm released into the water column. Internal embryonic 
development follows and coral planulae are released. The planulae can also 
be asexual clones of the parent colonies derived via parthenogenesis, and 
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can be released together with the sexual propagules (Stoddart 1983; Lively & 
Johnson 1994).  
 
 
Figure 1.1. Sexual systems and reproductive modes in scleractinian corals. Mature 
broadcast-spawning corals release gametes into the water column, and fertilization 
and embryogenesis occur externally. Brooding corals undergo internal fertilization 
instead and release the coral planulae. The motile larvae then settle on a suitable 
substrate and undergo metamorphosis to form a primary polyp. 
 
Coral larval settlement –  While some coral species transfer their symbiotic 
zooxanthellae from the parent to their offspring (Richmond 1987a), coral 
larvae of many species take in zooxanthellae only three to five days post-
fertilization (Schwarz et al. 1999). The onset of symbiosis facilitates 
autotrophy in scleractinian corals, with the translocation of photosynthates 
from the zooxanthellae to the coral tissues (Muscatine & Porter 1977) 
providing up to 65% of the daily metabolic requirements (Houlbrèque & 
Ferrier-Pagès 2009).  
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After fertilization, coral planulae gain motility within 48 hours and the larvae 
will settle in response to biochemical cues derived from a range of sources, 
including bacterial biofilm, crustose coralline algae and conspecifics (Gleason 
& Holfmann 2011; Toh & Chou 2013e). To promote larval settlement on 
artificial substrates, the easiest and the most cost-effective method is to 
biologically condition the settlement substrates in seawater for biofilm 
development, but isolated compounds can also be coated on the substrates 
to direct the settlement pattern (Tebben et al. 2011; Guest et al. 2010). Upon 
settlement, metamorphosis from the larval phase to the sessile polyp phase 
follows, with the formation of primordial calcium carbonate skeleton and 
tentacle extension marking the end of this critical life stage (Harrison & 
Wallace 1990).  
 
Post-settlement growth and survival - After settlement and metamorphosis, 
the development of nematocysts then commences and this enables the 
capture of zooplankton in scleractinian corals (Sharp et al. 2010). 
Heterotrophy supplements up to 35% of the daily metabolic requirements of 
scleractinians but the mechanisms underlying heterotrophic feeding in coral 
recruits have been poorly defined. This knowledge is crucial for coral 
juveniles since they are at the most vulnerable phase (Vermeij & Sandin 
2008) and heterotrophy can facilitate the attainment of the refuge sizes 
required to overcome the pressures exerted by a range of post-settlement 
stressors (Raymundo & Maypa 2004; Petersen et al. 2008).  
 
Abiotic factors such as temperature and flow rates are particularly influential 
on coral juvenile growth and survival. In response to elevated temperature, 
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coral recruits can increase their respiration rates by up to 35% and this 
reduces the oxygen saturation levels adjacent to the coral tissues 
substantially, leading to mass transfer limitation and the associated 
depression in coral growth (Edmunds 2005). Flow rates help to regulate the 
amount of oxygen available for respiration and the circulation of zooplankton 
for heterotrophy. Low water flow restricts the efficiencies of these metabolic 
processes, while excessively high water flow can result in polyp deformation 
and decreased prey retention (Patterson 1991; Piniak 2002).  
 
Biotic factors such as interspecific competition can result in myriad responses 
(Lang & Chornesky 1990). Most interactions exert deleterious effects such as 
tissue damage, growth retardation and increased mortality rates on one or 
both of the corals involved. This may arise due to one of the following 
mechanisms: mesenterial filament extrusion, extension of sweeper tentacles 
and polyps, overgrowth and histo-incompatibility, with spatial ranges of up to 
10 cm (Lang & Chornesky 1990). Hence, the proximity among which coral 
juveniles are reared in nurseries or transplanted should be considered 
carefully. The nursery-rearing of fast-growing and aggressive species would 
benefit from spacing the colonies further apart from each other to reduce the 
risks of overgrowth and tissue damage to other corals.  
 
Fouling organisms such as sponges, algae and barnacles are detrimental to 
the health of establishing coral fragments and juveniles. The scientific 
literature is replete with studies of fouling organisms impacting coral growth, 
survival and reproduction through overgrowth, abrasion, shading and 
allelopathy (Tanner 1995; McCook et al. 2001). Macroalgae overgrowth in 
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particular, can rapidly smother juvenile corals and drastically reduce coral 
cover (Tanner 1995; Hughes et al. 2010). Regular maintenance of coral 
nurseries and transplant sites including the manual removal of surrounding 
fouling organisms and the use of anti-fouling paints are common means of 
reducing the establishment and proliferation of fouling communities (Edwards 
2010). These approaches tended to be more labour- and cost-intensive and 
may not be sustainable in the long-term.  
 
Coral life history traits - Most scleractinian corals exhibit “type III” survival 
curves (Deevey 1947) with high early mortality and increased survival with 
increasing age and/or size (Babcock & Mundy 1996). Growth rates are highly 
variable among species and are non-linear, with rapid growth early in life but 
declining as the colony ages. Fast-growing corals such as those from the 
family Acroporidae can grow up to 4 cm linear extension per year (Toh et al. 
unpublished data), but are prone to mechanical damage and are less resilient 
to disturbances such as tropical storms and acute El Niño warming events. 
Conversely, slow-growing corals are more resistant to stress (Hughes & 
Jackson 1985; Darling et al. 2012), but their growth rates can be as low as 
0.2 cm per year (Toh et al. unpublished data).  
 
The differences in coral life histories thus affect the choice of species for 
propagation and restoration. Transplantation of fast-growing corals facilitates 
rapid re-colonization of the denuded site but the corals often exhibit high 
mortality rates if they are transplanted to areas prone to disturbances or with 
consistently strong currents (Edwards 2010). Restoration of these sites can 
be achieved via the transplantation of the more robust slow-growing coral 
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species to increase both heterogeneity and resilience of the restoration site to 
disturbances. Attempts at transplanting sexually-derived corals have only 
been conducted in the recent decade (Omori 2008; Okamoto et al. 2005; 
Nakamura et al. 2011; Villanueva et al. 2012; Guest et al. 2014). 
Unfortunately, the focus has been centred on propagating the fast-growing 
Acroporiids, which is one of the least resistant taxa to perturbations such as 
disease outbreak, temperature anomalies and crown-of-thorns infestation 
(Marshall & Baird 2000; Hobbs & Frisch 2010; Kayal et al. 2011). The 
creation of monotypic habitats by transplanting highly susceptible coral 
species can be counter-productive for rehabilitative efforts in the long run 
(Shearer et al 2009) and can potentially depress the level of coral reef 
heterogeneity required to sustain a functional habitat (Nyström & Folke 2001). 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
33 
 
1.5. Aims and objectives  
The main aim of this Ph.D. dissertation research was to improve the feasibility 
of using sexually propagated scleractinian corals as source materials for reef 
restoration efforts. Based on the literature review conducted in chapter one, 
the following specific objectives were derived: 
 
1. Optimize the methodology of rearing planulae derived from broadcasting 
and brooding coral species in ex situ mariculture 
2. Assess the feasibility of transplanting sexually-derived slow-growing 
massive corals 
3. Examine the effects of introducing grazers to control fouling macroalgae 
assemblage in ex situ juvenile coral mariculture 
4. Determine the effects of nutritional enhancement on juvenile corals in ex 
situ mariculture and after transplantation to the reef 
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1.6. Thesis structure and overview of chapters 
Most of the chapters in this thesis have either been published or have been 
submitted for review: with Chapters 1, 4 and 5 contributing to more than one 
publication. Chapter 1 comprises a literature review, and Chapter 6 is a 
synthesis of past research and the results gathered from this dissertation. 
Chapters 2 to 5 are data chapters, each with their own introductions, 
materials and methods, results and discussions. Thus some degree of 
overlapping content among the chapters is expected. While there were 
multiple authors in all the publications, I was the major author responsible for 
the conceptualization and experimental design of the studies, data collection, 
analysis and preparation of the manuscripts. 
 
In Chapter 1, a literature review of the existing techniques that have been 
developed for coral restoration was conducted. Based on the review, it 
became apparent that a proof-of-concept study for propagating sexually-
derived corals for reef restoration was required, and this is addressed in 
Chapters 2 and 3. Two major areas for improving coral juvenile growth and 
survivorship were identified, and are subsequently addressed in Chapters 4 
and 5. All the model species used in this thesis can be found within the indo-
pacific region and the experiments conducted in this study can thus be 
replicated and applied in different locations. This chapter has been published 
as Toh et al. (2013a) in the Proceedings of the The Asian Conference on 
Sustainability, Energy and the Environment 2013, with another manuscript in 
preparation for submission to the journal Ocean and Coastal Management. 
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Since coral larval rearing constitutes one of the initial steps of propagating 
sexually-derived corals, in Chapter 2, efforts were made at optimizing the 
methods for rearing coral larvae derived from brooding and broadcasting 
corals. Combining the results of an extensive literature review and the 
experimental ex situ rearing of coral larvae, Chapter 2 builds on the existing 
knowledge of coral embryonic development and settlement behaviour. This 
chapter has been published as Toh et al (2012) in the commemorative journal 
Contributions to Marine Science, published by the Tropical Marine Science 
Institute, National University of Singapore. 
 
In Chapter 3, two species of broadcasting massive corals, Favites halicora 
and Montastraea colemni were reared from larvae through to the 
transplantation phase. This study was essential to illustrate that rearing 
sexually-propagated corals could be used for reef restoration, and this is the 
first study to transplant slow-growing corals, unlike in previous studies where 
the emphases were on fast-growing coral juveniles and recruits. From this 
study, it was clear that an ex situ mariculture phase was instrumental for 
improving coral juvenile growth and survivorship prior to transplantation, and 
that post-settlement mortality rates were the highest in the first ten months 
post-fertilization. Despite being a technically feasible approach, cost 
estimates revealed that using sexually propagated corals for restoration is 
expensive. Hence, improving coral survivorship will be critical to improving the 
cost-effectiveness of the technique and facilitating its application on a larger 
scale. This chapter is currently in preparation for submission to the journal 
Coral Reefs. As this study spans over 5 years, the overseas collaborators for 
this study - MV Baria and JR Guest, who are also the co-authors of the 
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proposed manuscript, collected the data for the first year of the study before I 
have started my dissertation research. Thereafter, I was responsible for the 
research direction of the remaining study, and the data analysis and 
manuscript preparation for the entire project. 
 
The unregulated proliferation of macroalgae in mariculture facilities can 
impact coral growth, and maintenance of a coral culture thus constitutes a 
substantial proportion of the costs. In Chapter 4, the gastropod Trochus 
maculatus and the sea urchin Salmacis sphaeroides were introduced in ex 
situ mariculture systems to determine their suitability as biological controls of 
fouling macroalgae. From this two-part study, it was clear that the dietary 
habits of the grazers shaped algal assemblages in mariculture tanks, while 
the introduction of these grazers helped to improve the health of juvenile 
Pocillopora damicornis corals in ex situ mariculture. This chapter has been 
published as Ng et al. (2013), in which I had a shared authorship with the first 
author, and Toh et al. (2013b) in the journals Aquaculture Research and 
Aquaculture respectively. 
 
Heterotrophic feeding is an important nutrient source for scleractinian corals 
and it supplements that provided by autotrophy. Ex situ nutritional 
enhancement has been shown to augment the growth of adult corals, but 
studies examining the effects on coral juveniles were limited. In Chapter 5, it 
was shown that heterotrophy in P. damicornis recruits began as early as two 
days after settlement and possessed functional nematocysts on their 
tentacles that were able to capture live Artemia salina nauplii. Long term 
nutritional enhancement of P. damicornis juveniles was shown to increase 
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coral growth in ex situ mariculture, while the flow-on effects of feeding 
resulted in sustained growth augmentation and enhanced survival even after 
transplantation. In addition, nutritional enhancement improved the cost-
effectiveness of rearing sexually propagated corals and is thus a viable 
initiative that should be introduced in ex situ mariculture. This chapter has 
been published as Toh et al. (2013c), Toh et al. (2013d) and Toh et al. (2014) 
in the journals Marine Biodiversity, Marine and Freshwater Behaviour and 
Physiology and PLoSONE respectively.  
 
In the concluding Chapter 6, a synthesis of the best practices for using 
sexually propagated corals in reef restoration is presented, by building on 
existing knowledge with the results derived from this dissertation.  
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CHAPTER 2. OBSERVATIONS ON PROPAGULE RELEASE, LARVAL 
DEVELOPMENT AND SETTLEMENT OF THREE COMMON 
SCLERACTINIAN CORAL SPECIES3 
2.1. Introduction 
The global decline of coral reefs has necessitated the development of active 
intervention measures to counteract the impending loss of one of the most 
valuable ecosystems (Hughes et al. 2013). Over the past four decades, 
numerous reef restoration techniques and approaches have been developed 
(Edwards 2010). Due to its relative ease and perceived low cost, 
transplantation of asexual coral fragments has become the most common 
approach used in the biological restoration of coral reefs (Rinkevich 1995; 
Shafir et al. 2006). However, this method can result in collateral damage to 
the donor colonies (Yap & Gomez 1985; Yap et al. 1992) and potentially 
reduce the genetic integrity of transplanted populations (Shearer et al. 2009).  
 
The discovery of the multispecific coral spawning event in the Great Barrier 
Reef, Australia in the 1980s (Harrison et al. 1984) has changed the 
understanding of coral reproductive biology and has enabled detailed studies 
of coral larval biology and early life history stages (Heyward & Babcock 
1986). Since then, there has been a surge in knowledge about reproductive 
timing from previously understudied coral reef regions (Baird et al. 2009; 
Guest et al. 2010), and more recently, restoration practitioners have explored 
the use of sexually propagated corals as source materials for transplantation 
                                                
3 Part of this chapter has been published as Toh TC, Guest JR, Chou LM, 2012. Coral larval 
rearing in Singapore: Observations on spawning timing, larval development and settlement of 
two common scleractinian coral species. In Tan KS (Ed.) 2012, Contributions to Marine 
Science, National University of Singapore, Republic of Singapore, Pp. 81-87. 
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(Omori 2008; Nakamura et al. 2011; Villanueva et al. 2012). While this 
approach can be more costly and labor intensive (Edwards 2010), sexual 
propagation of corals can enhance the genetic variability of the transplanted 
population (Rinkevich 1995) and due to the very high fecundity of corals, has 
the potential to be applied for large-scale restoration work.  
 
Early attempts at small-scale coral larval rearing involved holding larvae in 
situ in floating bottles (Babcock & Heyward 1986), a method that exposed 
delicate larvae to inclement weather. Now, coral propagules are either 
collected directly from corals using collecting devices placed over coral 
colonies, or by transferring colonies into land-based aquaria. The methods for 
the subsequent ex situ coral larvae culture phase vary for broadcasting and 
brooding corals. For broadcasting corals where gametes are released during 
spawning events, eggs and sperms are collected, fertilized and the embryos 
are reared in tanks of volumes ranging from a few litres to thousands of litres 
(Hatta et al. 2004; Guest et al. 2010). Since brooding corals release coral 
planulae into the water column, direct collection of larvae can be done 
manually, or the larvae can be concentrated using a sieve connected to a 
overflow aquaria system (Guest et al. 2010). The maintenance of larval 
cultures is one of the most critical stages in propagating sexually derived 
corals, since the developing larvae are very sensitive to variations in water 
quality (Baird et al. 2006) and mechanical disturbance (Guest et al. 2010; 
Heyward & Negri 2012). 
 
The bulk of the literature thus far has focused on the experimental 
manipulation of exogenous factors on the different developmental phases of 
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scleractinian corals, and the methods employed may not be suitable for large-
scale rearing efforts. It is therefore imperative to develop pragmatic 
approaches for coral larvae rearing that can be applied to reef restoration. 
Using three species of scleractinian corals as model organisms: Acropora 
hyacinthus, Pectinia lactuca and Pocillopora damicornis, this chapter 
documents the methods developed for the ex situ collection of propagules 
from broadcasting and brooding corals, and the timing for propagule release 
of these species of scleractinian corals. Observations on the larval 
development and settlement were made, and the post-transplantation 
survivorship of the donor colonies was also evaluated. 
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2.2. Materials and methods  
Study species – Acropora hyacinthus and Pectinia lactuca are common 
Indo-Pacific scleractinian corals that tend to colonize clear shallow waters of 
upper reef slopes and turbid lower reef slopes, respectively (Veron 2000, 
Huang et al. 2014). Both species are hermaphroditic broadcast spawners 
(Baird et al. 2009) and have been documented to participate in the multi-
specific synchronous coral spawning events in Singapore three to five days 
after the March or April full moon (Guest et al. 2005). Pocillopora damicornis 
is a hermaphroditic scleractinian coral commonly found inhabiting shallow 
coastal areas (Veron 2000, Huang et al. 2014). This species has been known 
to exhibit dual reproductive modes, and is capable of brooding both asexual 
and sexually derived larvae (Ward 1992; Miller & Ayre 2004). Pocillopora 
damicornis has been documented to brood monthly in Singapore, releasing 
coral planulae in the first quarter of the lunar cycle (Chou & Quek 1993). 
 
Collection and rearing of coral larvae from broadcasting corals – A pre-
spawning sampling trip was conducted one week before the full moon in 
March 2010 (30th March) to determine the maturity of the coral gametes in the 
field by fragmenting part of the colony to check for the presence of pigmented 
eggs (Guest et al. 2002). One to two days after the full moon, a total of six 
gravid adult colonies of A. hyacinthus and 13 colonies of P. lactuca were 
collected from the fringing reefs off Pulau Satumu (1°9′36′′N, 103°44′27′′E), 
Kusu Island (1°13′25′′N, 103°51′38′′E) and St Johnʼs Island (1°13′44′′N, 
103°50′73′′E) using SCUBA. Only corals spaced at least 5 m apart were 
selected to reduce the chances of collecting genetically identical colonies, 
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which could otherwise compromise fertilization success (Heyward & Babcock 
1986). All the colonies collected were maintained in an outdoor holding tank 
(approximately 1800 L) with flow-through sand-filtered seawater (SFSW) at 
the Tropical Marine Science Institute (TMSI) mariculture facility on St Johnʼs 
Island, Singapore. 
 
One hour before sunset (approximately 1900 h), the corals were transferred 
and isolated in floating plastic pots (approximately 20 L) suspended in the 
holding tank (Fig. 2.1a), with at least 30 cm of water column above the 
colonies, to facilitate gamete collection. Flow-through seawater and aeration 
was not supplied to prevent premature dissociation of the egg-sperm bundles 
and mixing of gametes during spawning. Light is thought to be one of the final 
synchronising cues for spawning (Penland et al. 2004) therefore all lights near 
the aquarium tanks were switched off. The colonies were checked with a dim 
red light not more than once every half an hour thereafter for the ʻsettingʼ of 
egg-sperm bundles on the polyp mouths (Fig. 2.1b) or the presence of 
bundles in the water column (Guest et al. 2010). Spawning colonies were left 
untouched until the majority of egg-sperm bundles had been released. Once 
all colonies had completed spawning, the positively buoyant egg-sperm 
bundles were collected from at least two colonies of each species by gently 
skimming the water surface using 100 mL polyethylene cups (Fig. 2.1c) and 
immediately transferred to 36 L fertilization tanks filled with 0.2 μm UV filtered 
seawater (FSW). After the bundles had been harvested, they were broken 
apart with gentle agitation (Fig. 2.1d) and set aside for 30 to 60 min for 
fertilization to occur. Three water changes were done to remove excess 
sperm using the same scooping method described above and five 50 mL 
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subsamples were taken out of the tanks to estimate the total number of 
propagules. The embryos were subsequently transferred to 450 L rearing 
tanks containing 0.2 μm UV filtered seawater (FSW) in covered aquaria at 
ambient water temperature and the stock cultures were maintained at 
concentrations not exceeding 350 propagules per litre throughout the 
experiment. After the first 24 hours, 50% water changes were carried out 
every one to two days by gently siphoning out water from the rearing tank 
using a 100 μm sieve attached to polyvinyl chloride pipes (Fig. 2.1e). Dead 
embryos and any other floating material were removed by skimming the water 




Figure 2.1. Procedures in coral larval rearing. (a) Isolation of coral colony in plastic 
pot one hour prior to sunset, (b) observation for the setting of egg-sperm bundles on 
coral polyps, (c) skimming the egg sperm bundles off the water surface, (d) gentle 
agitation of the egg-sperm bundles to promote fertilization, (e) water change using a 
100 μm sieve and (f) introduction of substrates to promote larval settlement. Egg-
sperm bundles and coral larvae are approximately 1 mm. 
 
Collection and settlement of coral larvae from brooding corals - Twenty 
donor colonies of P. damicornis were collected from the fringing reef off Kusu 
Island, Singapore, two to seven days before the new moon of June (19th June) 
and July 2012 (19th July). Only colonies more than 20 cm in diameter were 
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collected to ensure that they were sexually mature (Harrison & Wallace 1990). 
The donor colonies were subsequently maintained in aerated outdoor aquaria 
with flow-through seawater (approximately 760 L) on St. Johnʼs Island. One to 
two days before the new moon, all the P. damicornis donor colonies were 
transferred and isolated in polyethylene tanks (approximately 40 L) with flow-
through seawater for planulae collection.  
 
Since the majority of the P. damicornis planulae are able to settle soon after 
their release (Richmond & Jokiel 1984), the embryonic development and 
settlement competency of the larvae was not recorded. To determine the 
recruitment of coral larvae on the artificial substrates, each tank holding one 
P. damicornis colony was filled with approximately 8 cm of sand, and 40 
biologically conditioned ʻplugsʼ, made of plastic wall plugs embedded in 
cement hemispheres (40 mm diameter), were fabricated and used as 
settlement substrates. The plugs were inserted into the sand exposing only 
the top hemispherical surfaces to promote planulae settlement. The colonies 
were placed on the subtrates, and the presence of overflow holes covered 
with 100 μm mesh at the top of the tank served to prevent the loss of coral 
larvae. Each plug was monitored daily for newly settled coral recruits, and 
those with recruits were replaced with empty plugs. Thereafter, a 100% water 
change was done for the aquaria tanks to remove any larvae that may still be 
in the water column, to ensure that the larva from the preceeding planulation 
do not settle on the new substrata. 
 
Embryonic development of broadcasting corals and larval settlement 
competency periods – To document the embryonic developmental stages of 
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the propagules after fertilization, subsamples of each species (approximately 
20 propagules) were obtained from the stock rearing tanks and viewed under 
a stereo-dissection microscope. Photomicrographs were taken (Canon S90, 
Singapore) from one hour post-fertilization to metamorphosis (46 h for P. 
lactuca and 94 h for A. hyacinthus).  
 
The time taken for different species of coral larvae to settle varies 
considerably across location and environmental conditions (Guest et al. 
2010), influencing the time of which settlement substrates should be 
introduced. To determine the larval settlement competency periods, 
approximately 20 larvae from each species were introduced into each well of 
a 6-well plate (BD FalconTM; n = 6) filled with 6 mL of FSW and a 25 mm2 
crustose coralline algae (CCA) chip. The wells were placed in a covered 
aquarium at ambient temperature and each well was treated as one replicate 
following Heyward and Negri (1999, 2010). This was repeated every 22 to 24 
h (8 time points spread over 190 h after fertilization) and the proportion of 
larvae that settled in each well was recorded under a stereo-dissection 
microscope and categorized into unattached, attached and metamorphosed 
larvae; where attachment and metamorphosis were observed, the larvae 
were considered to have settled (Guest et al. 2010). The scoring criteria used 
in this study followed that used in Heyward and Negri (1999), i.e. attachment 
was defined as the development of the coral larvae from the free swimming 
stage to the firmly attached pear-shaped forms, while metamophosis was 
defined as coral larvae that had changed from the pear-shaped forms to disc-
shaped structures with pronounced flattening of the primary polyp. The 
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development of the tentacles and primordial skeleton marked the end of 
metamorphosis. 
 
Transplantation of donor colonies – Adult coral colonies used for the 
experiment were transplanted back to their donor sites (P. Satumu, Kusu 
Island and St Johnʼs Island) within two weeks after spawning to minimize the 
stress exerted on the corals. Due to the proximity of the donor sites, both P. 
lactuca colonies collected from Kusu Island were transplanted back to the 
reefs off St Johnʼs Island. Prior to transplantation, the substrata were cleaned 
by manually removing algae and sediments. The corals were spaced 50 to 
200 cm apart, stabilized using commercial two-part marine epoxy and their 
survivorship was monitored over the following six months after 
transplantation. The survivorship data for P. damicornis was pooled, since the 
donor and transplant sites were the same for the colonies collected in both 
June and July 2012. 




Timing of propagule release – All six A. hyacinthus colonies collected 
spawned ex situ from the 2nd to the 3rd day after the March 2012 full moon. 
Setting of the first egg-sperm bundle occurred as early as 2000 h 
(approximately 30 to 45 min after sunset). The duration between setting and 
the commencement of propagule release was between 60 and 80 min, and 
spawning ceased within 20 to 30 min after propagule release. Nine of 13 P. 
lactuca colonies collected spawned ex situ from the 4th to the 6th day after full 
moon. Spawning commenced at 2130 h and ceased within 30 to 45 min after 
gamete release. A total of 200,000 A. hyacinthus eggs and 550,000 P. 
lactuca eggs were released on the 2nd and 5th day after full moon respectively. 
These  were collected and reared for this study. All 20 P. damicornis colonies 
planulated from the day of the new moon up till the 10th day, with the 
maximum number (n = 10) of planulating colonies recorded on the 5th day 
after new moon (Table 2.1; Fig. 2.2). 
 
Table 2.1. Timing of propagule release for Pocillopora damicornis, Acropora 
hyacinthus and Pectinia lactuca in ex situ aquaria. 
 
 Timing of propagule release  Egg diameter (μm)*** 
Species  Duration* Time**  Mean S.D. Range n 
Acropora hyacinthus  2 - 3  20.00 h – 22.30 h   650 19.4 550 - 750 10 
Pectinia lactuca  4 - 6 21.30 h – 23.30 h  348 7.17 300 - 375 10 
Pocillopora damicornis  0 - 10 N.D  N.A. N.A. N.A. N.A. 
* Days after full moon (A. hyacinthus and P. lactuca) or new moon (P. damicornis).  
** Planulation of P. damicornis occurred over an extended duration and so the timing for propagule release 
was not determined (N.D.).  
*** The dimensions of the egg diameter was not applicable (N.A.) for P. damicornis, since the larvae was 









Figure 2.2. Number of planulating Pocilopora damicornis colonies (bar) and the mean 
number (+ S.D.) of settlement plugs with new recruits (line) observed over a 14 day 
period after the new moon. There were no colonies planulating after the 10th day. 
 
Acropora hyacinthus and Pectinia lactuca propagule size and 
embryonic development - The mean diameter of the eggs was 650 ± 19.4 
μm for A. hyacinthus and 348 ± 7.17 μm (± S.D.) for P. lactuca respectively 
(Table 2.1). Subsamples of the eggs taken after mechanical mixing with the 
sperms revealed fertilization rates of 62% and 95% for A. hyacinthus and P. 
lactuca respectively. Fertilized eggs from both species commenced first 
cleavage one hour post-fertilization and continued to cleave, taking on the 
distinctive ʻprawn chipʼ shape at five hours post-fertilization (Fig. 2.3). 
Subsequently, embryonic development was accelerated in P. lactuca 
embryos and gastrulation was completed from 9 to 18 h post-fertilization, and 
planulae were observed to be elongated and motile at 18 h (Fig. 2.3b). A. 
hyacinthus completed gastrulation at 24 h post-fertilization and planulae were 
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Figure 2.3. Embryonic and larval developmental stages of (a) Acropora hyacinthus 
and (b) Pectinia lactuca from 1h post-fertilization to metamorphosis. Scale bars: 
approximately 100 μm.  
 
 
Larvae settlement and metamorphosis – Acropora hyacinthus began 
attaching to the CCA chip at 70 h post-fertilization and the beginning of 
metamorphosis was observed at 94 h (Fig. 2.3a). The percentage of larvae 
settling continued to increase and peaked at 71.8 ± 5.45 % (mean ± S.D.), 
142 h post-fertilization. For P. lactuca, larval attachment and the 
commencement  of metamorphosis were observed as early as 46 h post-
fertilization (Fig. 2.3b) and the settlement rates were between 79.1 ± 5.98 % 
and 83.4 ± 2.98 % (mean ± S.D.) at 70 h and 118 h post-fertilization, 
respectively (Fig. 2.4). The mean number of plugs with P. damicornis recruits 
followed a similar trend as the number of planulating colonies, with a 
maximum of 22 ± 9 (± S.D.) plugs on the 4th day after the new moon (Fig. 
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2.2). At day 10, the mean number of plugs with new recruits was the lowest 
despite a substantially high number of planulating colonies being recorded (n 
= 9). For all three coral species, the formation of the primordial skeleton and 





Figure 2.4. Settlement competency periods of Acropora hyacinthus and Pectinia 
lactuca. The graph shows the mean percentage of coral larvae attached or settled 
after every 24 h (± S.D.), calculated using approx. 20 larvae in each of the 6 replicate 
wells at each time point. 
 
 
Transplantation of donor colonies – Survivorship of A. hyacinthus was 
100% for the first two months and stabilized at 83% (five of six colonies 
survived) after six months. Survivorship of P. lactuca at both transplant sites 
decreased steadily from one to four months post-transplantation and 
stabilized to 60% (three of five colonies survived) and 50% (four of eight 
colonies survived), at P. Satumu and St Johns island respectively. Eighteen of 
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Figure 2.5. Post-transplantation survivorship of Acropora hyacinthus, Pectinia lactuca 
and Pocillopora damicornis donor colonies. Six colonies of A. hyacinthus and five 
colonies of P. lactuca were transplanted at Pulau Satumu, and the remaining eight 
colonies of P. lactuca were transplanted at St Johns Island. Twenty colonies of P. 
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Detailed information on the reproductive biology of scleractinan corals is 
essential for coral larval rearing activities (Guest et al. 2010) to optimise the 
allocation of resources in large-scale larval culture efforts. The present study 
documented the spawning timing and duration of the broadcast spawning 
corals A. hyacinthus and P. lactuca in Singapore, and this information can be 
used for future larval culture work.  
 
The synchronous spawning of nine P. lactuca colonies in one night can 
generate up to 550,000 propagules, underlining the remarkable fecundity of 
scleractinian corals, and the potential use of these propagules as source 
materials for large-scale restoration efforts. As observed from this study, 
despite the general synchrony between species, subtle variations in spawning 
timings exist. For P. lactuca, nine of 13 colonies spawned throughout the 
monitoring period and spawning was spread over two to three days (Table 
2.1), whilst all six colonies of A. hyacinthus spawned within two days. In 
addition, the highest proportion of spawning P. lactuca and A. hyacinthus 
colonies on any given night, were 69% and 83% respectively. This indicated 
that sufficient colonies should be collected for future work to maximise 
fertilization success given the variation in spawning timings.  
 
The differences in coral propagule sizes across different species can be 
attributed to the varying lipid content of the egg, influencing its buoyancy 
(Harii et al. 2002) and the amount of energy reserves available for the larvae 
(Arai et al. 1993). The propagules of A. hyacinthus were positively buoyant 
and the sizes measured in this study fall within the size range of other 
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acroporid species highlighted in Babcock et al. (2003). Pectinia lactuca 
possessed smaller eggs of 348 ± 7.17 μm and were neutrally buoyant after 
the dispersion of the egg-sperm bundle. This was an indication of lower lipid 
content (Harii et al. 2002). The differences in energy reserves translated to 
rapid development as seen in this study (Fig. 2.2) where P. lactuca exhibited 
faster embryonic development than A. hyacinthus, presumably to facilitate the 
early onset of settlement. Pectinia lactuca exhibited settlement peaks at 70 h 
and 118 h post-fertilization, while A. hyacinthus had peaks at 142 h post-
fertilization (Fig. 2.3). Based on the settlement rates of both broadcasting 
coral species observed in this study, it is recommended that settlement 
substrates should be introduced from 36 h to 160 h post fertilization to ensure 
optimal settlement. The substrates should also be inspected daily for the 
presence of settled coral recruits, and routinely replaced to the prevent 
aggregation of coral spats which would otherwise compete for resources, 
such as space. While it is beyond the scope of the present study to examine 
the changes in coral energy budget at different morphological stages, our 
observations support the hypothesis that the lipid content is a determining 
factor in influencing the settlement competency periods of coral larvae 
(Richmond 1987b).  
 
For the brooding P. damicornis, the planuation timing and periodicity recorded 
corroborated with previous literature (approximately 1 to 14 days after the 
new moon; Richmond & Jokiel 1984; Kuanui et al. 2008). Since each colony 
can produce up to 1000 to 2000 larvae per day (Richmond & Jokiel 1984), 
with all of the colonies planulating in this study, it was possible that more than 
200,000 larvae could be generated per colony over a 10-day planulation 
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cycle. The peak in the number of planulating colonies coincided with the 
highest number of settlement plugs with new recruits, and this suggested that 
the maximum number of planulae can be expected at the 4th to 5th day after 
the start of the lunar cycle. Notably, despite the differences in the methods 
employed, these results were consistent with studies where direct larval 
collection was used to measure the reproductive output (Richmond & Jokiel 
1984; Kuanui et al. 2008). Therefore, a large proportion of the larvae released 
was likely to have settled within 24 hours after planulation. This was possible 
since P. damicornis larvae are known to be settlement competent upon 
planulation (Richmond 1987b), the developmental advantage thus enabled 
the accelerated settlement and the onset of metamorphosis within 1.5 hours 
(Kuanui et al. 2008), unlike broadcasting coral planulae which are only motile 
after 18 to 48 hours after spawning.  
 
Corals allocate significant amounts of energy into repairing damaged tissues 
and they respond differently to fragmentation and transplantation stress (Yap 
et al. 1992; Yap et al. 1998). While branching acroporid and pocilloporid 
corals are known to exhibit high survivorship and growth rates after 
fragmentation (Sakai et al. 1989; Yap et al. 1992; Rinkevich 1995; Shafir & 
Rinkevich 2008), transplantation of P. lactuca has not been attempted before. 
Both A. hyacinthus and P. damicornis exhibited higher post-transplantation 
survival rates than P. lactuca when subjected to the same pre- and post-
transplantation procedure (Fig. 2.4). This may be attributed to the different 
levels of mucus discharge in response to mechanical disturbance among 
different species (Benson & Muscatine 1974). In contrast to P. damicornis 
and A. hyacinthus, P. lactuca tends to produce large quantities of mucus after 
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fragmentation and mechanical stress (pers. obs.). Repeated agitation of the 
P. lactuca colonies translates into a significant loss of energy through mucus 
production (Benson & Muscatine 1974), reducing the coralsʼ capacity for 
innate recovery and repair of damaged tissues, leading to higher mortality 
rates after transplantation. While a study on the detailed responses of P. 
lactuca to fragmentation and transplantation has yet to be established, the 
results presented in this study have emphasized the importance of minimising 
the fragmentation of donor colonies to mitigate against tissue damage and 
stress, and the need to monitor the post-transplantation survivorship of the 
donor colonies, to minimise collateral damage to existing coral population.  
 
The inclusion of ex situ mariculture facilities constitutes an integral part of 
rearing broadcast coral larvae to maximise gamete fertilization success and 
propagule survival (Guest et al. 2010). In stark contrast to the 1% fertilization 
rate of the Acroporiid Montipora digitata on the Australian reefs (Oliver & 
Babcock 1992), high fertilization rates of 62% to 95% were attained in the 
controlled environment of the mariculture facility in this study. Husbandry 
practices can be readily introduced at different stages of coral larval rearing to 
further minimise contamination and mortality. It was also apparent that larvae 
of broadcasting coral species would require at least 24 h to complete 
embryonic development and thus mechanical agitation during this period of 
time should be minimized. This reduces physical damage on the embryos, 
which would otherwise result in developmental abnormalities and larval 
mortality (pers. obs). Since P. damicornis colonies can planulate over several 
weeks throughout the entire day (Kuanui et al. 2008), the introduction of ex 
situ mariculture for rearing brooded larvae can generate a continuous supply 
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of settlement substrates with new coral recruits throughout the planulation 
cycle, which facilitates large-scale rearing efforts. In contrast, field collection 
would be significantly more laborious since mulitiple trips will be required to 
collect the larvae.  
 
Clearly, sexual propagation of scleractinian corals can generate large 
amounts of source materials for reef restoration and ex situ mariculture 
should be used for coral larvae rearing to maximise propagule survivorship. 
Based on the observations on coral reproductive periodicity, embryology and 
larval behaviour, the methods developed in this study have provided 
pragmatic guidelines for the rearing of both broadcasting and brooding coral 
larvae. The study has also highlighted the need to establish robust monitoring 
regimes and adaptive measures to minimize collateral damage to the donor 
reef. It is evident that large-scale coral larvae rearing is technically feasible, 
and future research should focus on improving the post-settlement 
survivorship of the coral recruits and the cost-effectiveness of the technique. 
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CHAPTER 3. TRANSPLANTING SEXUALLY PROPAGATED CORALS 
FOR REEF RESTORATION4 
3.1. Introduction 
The transplantation of reef-building corals is the predominant means of 
increasing coral cover and promoting the recolonization of degraded reefs 
(Rinkevich 2005). The topographic complexity contributed by coral transplants 
creates refugia for reef organisms and enhances overall biodiversity 
(Edwards & Clark 1998; Cabaitan et al. 2008). Hence, most studies have 
relied on transplanting fast-growing branching species to rapidly enhance the 
structural complexity of degraded reefs (Soong & Chen 2003, Villanueva et al. 
2012; Guest et al. 2014). One approach for generating large amounts of 
source material for rehabilitation efforts is through the asexual propagation of 
coral fragments. This procedure is relatively simple and straightforward 
(Rinkevich 1995) and the techniques are well established (Shafir et al. 2006). 
Despite the benefits, fragmentation stress can result in unintended collateral 
damage to the donor colonies (Yap et al. 1992) and large-scale 
transplantation of clonal fragments will also depress the genetic diversity of 
the restored coral population (Shearer et al. 2009). 
 
An alternative to the asexual method is sexual propagation, which  can be 
useful for increasing genotypic diversity and reducing collateral damage to 
donor reefs (Rinkevich 1995; Omori et al. 2008; Guest et al. 2010). The high 
fecundity of scleractinian corals has rendered this technique favourable for 
                                                
4 This chapter is currently in preparation for submission as Toh TC, Baria MVB, Guest JR, 
Villanueva RD, Gomez ED, Edwards AJ, Chou LM. Transplanting sexually propagated massive 
corals for reef restoration. 
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the large-scale production of coral material for transplantation to reefs 
(Rinkevich 1995; Guest et al. 2014). Although small-scale propagation of 
sexually-derived corals for experimental purposes is widespread, attempts at 
employing it for reef restoration are limited (Omori 2008; Okamoto et al. 2005; 
Nakamura et al. 2011; Villanueva et al. 2012; Guest et al. 2014) due to the 
substantially higher costs and expertise required (Guest et al. 2010). 
 
To date, the focus has been on propagating fast-growing acroporiids as the 
higher growth rates and reproductive capacity facilitate rapid recruitment and 
colonisation of impacted reefs (Sleeman et al. 2005; Darling et al. 2012). 
However, these corals are also one of the least resistant taxa to perturbations 
such as disease outbreak, temperature anomalies and crown-of-thorns 
infestation (Marshall & Baird 2000; Hobbs & Frisch 2010; Kayal et al. 2011). 
The transplantation of highly susceptible coral species and the creation of 
monotypic habitats can be counter-productive for rehabilitative efforts in the 
long run (Shearer et al 2009) and can potentially depress the level of coral 
reef heterogeneity required to sustain a functional habitat (Nyström & Folke 
2001). Therefore, the transplantation of slow-growing massive corals as 
target species for restoration is of greater value, since they tended to be more 
long-lived and resistant to disturbances (Sleeman et al. 2005; Darling et al. 
2012).  
 
This study explored the potential of sexually propagating coral species with 
massive growth forms for the rehabilitation of degraded reefs. Two common 
species of massive corals Montastrea colemani and Favites halicora, were 
reared from fertilized eggs and aspects of their life histories such as larval 
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settlement competency, post-settlement growth and survival, as well as onset 
of reproductive maturity were examined. The feasiblity of restoring two 
degraded reefs by transplanting nursery-reared massive corals was assessed 
and the growth and survival of the transplants were monitored. Finally, a cost-
estimate of transplanting sexually-derived massive corals for reef 
rehabilitation was calculated. 
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3.2. Materials and methods  
Coral larval culture – The sites used for this study were located within the 
Bolinao-Anda Reef complex, in Bolinao, Pangasinan, northwestern 
Philippines (Fig. 3.1). As a result of overexploitation and blast fishing, most of 
the sites were heavily degraded and were colonised predominantly by turf 
algae (Villanueva et al. 2012; dela Cruz et al. 2014). Montastrea colemani 
and Favites halicora are two common massive scleractinian coral species 
that can be found inhabiting shallow reef environments within the Indo-Pacific 
region (Veron 2000). Both species are hermaphroditic broadcast spawners 
and have been documented to release their gametes during the major coral 
spawning period in Bolinao which occurs from March to May (Vicentuan et al. 
2008, Guest et al. 2010). 
 
Seven F. halicora and 15 M. colemani colonies (approximately 20 cm in 
diameter) were collected on 13th May 2009, four days after the full moon, from 
the fringing reefs off Malilnep channel (16°44ʼN, 119°94ʼE). Prior to the 
collection of the donor colonies, the corals were checked for the presence of 
mature pigmented oocytes by breaking off small fragments. This served as a 
reliable indication of possible spawning (Villanueva et al. 2012). The gravid 
colonies were transported to the hatchery facility of Bolinao Marine 
Laboratory, of the University of the Philippines (16°22ʼN, 119°54ʼE) (Fig. 3.1) 
and were maintained in 400 L flow-through cement tanks with aeration. One 
hour before sunset, the colonies were isolated in 20 L containers and ex situ 
observations of the colonies commenced after sunset (1830h). The colonies 
were monitored for the characteristic setting of the egg-sperm bundles in the 
coral polyps and the presence of propagules in the water column, both which 
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indicated spawning (Guest et al. 2010; Toh et al. 2012).  
 
The buoyant egg-sperm bundles released were collected by skimming them 
off the water surface and transferred to 60 L plastic fertilisation tanks 
containing UV-treated 1 μm filtered seawater (Aquanetics Systems Inc., San 
Diego). The bundles were then gently agitated to promote gamete 
dissociation and cross-fertilization, and were left to stand for an hour. The 
developing embryos were gently transferred to polyethylene tanks with clean 
filtered seawater to rinse off excess sperm which would otherwise increase 
post-fertilization mortality due to polyspermy and the degradation in water 
quality (Villanueva et al. 2012). This process was repeated and the embryos 
for both species were transferred to three 1500 L cylindrical polyethylene 
rearing tanks each. Three 15 mL subsamples from each rearing tank were 
taken to estimate the number of propagules (following Guest et al. 2014) and 
the tanks were left static for 24 hours before mild aeration was introduced. A 
50% water change for all the rearing tanks was carried out daily thereafter to 
maintain water quality.  




Figure 3.1. Map of the Bolinao-Anda reef complex in Pangasinan, northwestern 
Philippines showing the study sites. 
 
 
Settlement of coral larvae – The larval settlement competency periods 
dictate the timing at which settlement substrates should be introduced, and 
thus were determined daily from 24 hours post-fertilization. Ten larvae from 
each coral species were introduced to 10 mL of seawater in each well of a 
six-well culture plate. To induce settlement, a crustose coralline algae chip of 
approximately 25 mm2 was placed in each well, and the culture plates were 
placed in a covered aquarium. After 24 hours, the competency for each 
species was determined using a stereomicroscope and the proportion of 
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was recorded. This process was repeated daily, up till the sixth day post-
fertilization. 
 
To facilitate larval settlement and the subsequent transplantation of the 
corals, settlement substrates (plugs) were fabricated following Guest et al. 
(2014). Each substrate comprised a cylindrical cement head (20 mm 
diameter, 15 mm height, 1492 mm2 surface area) embedded with a 
polyethylene wall plug (10 mm diameter and 50 mm height), and were 
biologically conditioned in flow-through seawater tanks for approximately one 
year, to enable crustose coralline algae and bacteria biofilm to develop on the 
surface of the plugs. The conditioning of the substrates facilitated coral larvae 
settlement (Heyward & Negri 1999) and they were introduced into the rearing 
tanks on the third day post-fertilization, wherein the settlement competencies 
of the two coral species were more than 90%. The plugs were left in the 
rearing tanks for ten days for coral larval settlement and deposition of the 
calcium carbonate skeleton, during which 50% water changes were 
conducted daily. 
 
Nursery phase - After ten days, a total of 2069 plugs had at least one live 
coral on them, of which 1059 plugs had M. colemani recruits and 1010 plugs 
had F. halicora recruits. These plugs were then inserted into six 1 m2 
polyethylene meshes supported by PVC frames (approximately 350 plugs per 
frame), and transferred to three 4000 L cement tanks with flow-through 
seawater for ex situ rearing. The tanks were aerated and the herbivorous 
gastropods (Trochus maculatus and T. niloticus) were introduced to control 
fouling macroalgal growth in the tanks. To monitor the early post-settlement 
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survival of the coral recruits for each species, six plugs from each tank were 
randomly selected and the total number of recruits was counted at weeks 2, 
4, 7 and 9 post-fertilization. The mean number of coral recruits on each coral 
plug was first tested for homogeneity of variances and nomality using 
Shapiro-Wilk test, followed by ANOVA and Tukey HSD test for post hoc 
comparisons (SPSS 21, SPSS Inc.). While the sizes of the corals in the ex 
situ nursery phase were not measured until the 12th month, the total number 
of plugs with at least one live coral was recorded at 6, 10, and 12 months 
after fertilization and was used as a measure of survivorship (Guest et al. 
2014).  
 
After 12 months, all the plugs with live corals were transferred to an in situ 
nursery located at a sheltered reef at Malilnep channel (16°26ʼN, 119°56ʼE) in 
May 2010. Two fixed nursery tables (2.5 m length, 0.6 m width, 0.8 m height 
and 1.8 m depth) were constructed using angle-iron bars hammered into the 
sandy substrate. The PVC frames supporting the plugs were attached to the 
frames of the nursery horizontally, and a polyethylene mesh (20 mm 
diameter) was attached to the top of each nursery table to create open-sided 
cages to reduce the damage from herbivory (Baria et al. 2010). Physical 
removal of the fouling algae growing on the nursery tables was also 
conducted at intervals of one to three months. The total number of plugs with 
at least one live coral and coral growth were recorded at 2, 5, 10 and 13 
months after the transfer to the nursery (corresponding to 14, 17, 22 and 25 
months post-fertilization, respectively). In addition, fifty coral plugs of each 
species were randomly selected and arranged in a 10 x 5 grid with the 
positions of the colonies on the plugs mapped for subsequent monitoring 
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efforts. The geometric mean diameter (GMD) of corals was determined using 
GMD = √(D1 x D2), where D1 is the maximum diameter and D2 is the 
maximum perpendicular diameter (Guest et al. 2014). 
 
Transplantation to the reef – The recipient sites for the coral transplants 
were subjected to the pre-selection criteria that: (1) the coral species are 
present or were known to have existed on the reefs, (2) the presence of 
limestone outcrops for transplantation and (3) similar depth range as donor 
sites (2 to 8 m). Two degraded sites within the Bolinao-Anda reef complex 
were identified and they have faced intense fishing pressures over the past 
decade, and continue to be exploited using destructive fishing methods such 
as cyanide fishing and blast fishing (pers. obs.). These sites were used as 
recipient sites in three successive transplantation phases. In October 2010 
(17 months post-fertilization), 30 plugs with healthy corals from each species 
were selected from the in situ nursery for transplantation to the fringing reef at 
Lucero (16°24ʼN, 119°54ʼE). Three outcrops (approximately 1.5 m diameter 
and 2 m depth) were selected and the substrates were rigorously brushed to 
remove the sediments, algae and other fouling organisms. Twenty holes of at 
least 10 cm apart were made on each outcrop using a pneumatic drill, and 10 
M. colemani and 10 F. halicora coral plugs were randomly inserted into each 
hole. The corals were tagged by attaching a stainless steel label to the base 
of the coral plug and their positions were mapped out on each plug for 
subsequent monitoring. The holes were drilled deep enough to ensure that 
the cement heads of the coral plugs were in contact with the substrate and 
were stabilized with marine epoxy that was embedded in the holes. The 
number of plugs with at least one live coral was recorded at 5, 8, 12 and 23 
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months after transplantation (corresponding to 22, 25, 29 and 40 months 
post-fertilization, respectively) and the geometric mean diameter of the corals 
was determined. The number of coral plugs was used as a measure of 
survivorship, since the unit used for transplantation is the number of plugs 
with at least one live coral, rather than the number of colonies (Guest et al. 
2014).  
 
In June 2011 (25 months post-fertilization), 80 plugs with healthy corals from 
each species were selected from the in situ nursery for transplantation to the 
fringing reefs off Lucero and Caniogan (16°17ʼN, 120°00ʼE). In each site, four 
outcrops (1.5 to 3 m diameter and 2 to 6 m depth) were identified and 10 
coral plugs of each species were tagged and transplanted on each outcrop 
following the methods described above with minor modifications. Marine 
epoxy was also applied to the base of the coral transplants to reduce the 
detachment rates. The positions of the plugs were randomised and the corals 
were tagged. In addition to measuring the diameter of the corals (D1 and D2), 
the coral height was also monitored to determine the ecological volume of the 
corals (Levy et al. 2010). The dimensions were measured at 4 and 15 months 
after transplantation (corresponding to 29 and 40 months post-fertilization, 
respectively) and the ecological volumes (EV) of the corals were calculated 
following the formula of a cylinder (Levy et al. 2010): EV = πr2h, where r is the 
geometric mean radius (calculated as GMD/2), and h is the height of the 
colony. The number of plugs with at least one live coral was also recorded. 
 
In the final transplantation phase (October 2011, 29 months post-fertilization), 
all the healthy colonies which were neither bleached nor had partial mortality 
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were transplanted, and the rest of the corals remained in the in situ nursery to 
facilitate recovery. A total of 69 M. colemani and 120 F. halicora coral plugs 
were transplanted in this phase. In each site, three outcrops (1.8 m to 3 m 
diameter and 3 m depth) were identified and 23 M. colemani and 40 F. 
halicora coral plugs were transplanted to each outcrop. Ten colonies of each 
species on each outcrop were tagged and monitored for growth at 11 and 19 
months after transplantation (corresponding to 40 and 48 months post-
fertilization). The total number of plugs with at least 1 live coral was also 
determined. For all three transplantation phases, the mean coral transplant 
growth rates were calculated by using the difference between the final and 
initial size, divided by the total number of months after transplantation. This 
was then tested by constructing a general linear model, with the initial 
transplant size as the covariate and the sites and coral species as the 
independent variables (SPSS 21, SPSS Inc.). Throughout the study period, 
the sea surface temperature (SST) in Bolinao ranged from 26 °C to 32 °C 
(NOAA). Notably, there was prolonged thermal stress of more than 4 degree 
heating weeks (DHW) from June to November 2010 and June to August of 
2012 and 2013. The thermal stress was most severe in 2010, where it 
reached a maximum of 15 DHW with 3 months having more than 8 DHW 
(NOAA). 
 
Assessment of transplant reproductive maturity – In May 2014 (5 years 
post-fertilization), field surveys were conducted at Lucero and Caniogan to 
check for reproductive maturity by breaking off small fragments of the 
transplants to check for pigmented eggs. Between three to six colonies of 
each coral species on each outcrop were sampled. The dimensions of the 
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corals were measured and the ecological volumes were calculated based on 
the methods used above. 
 
Cost estimates - The methods for establishing cost estimates of the 
restoration effort followed Edwards et al. (2010), in which three broad 
categories were used: labour cost, equipment and consumable cost, and boat 
and scuba tank hire. The local rates for labour costs in the Philippines 
between 2009 and 2012 were set based on three skill levels: US$5.63 h-1 
(level 1, e.g. scientific adviser), US$3.50 h-1 (level 2, e.g. trained local staff) 
and US1.31 h-1 (level 3, e.g. trained manual labour). Using the first transplant 
phase in Lucero as an example, the cost per coral was estimated by dividing 
the total project cost by the number of plugs with at least one live coral for 
different production stages: (1) a coral in the ex situ nursery after one year, 
(2) cost of transplanting a coral after five months in the in situ nursery and (3) 
the cost for a surviving three-year-old coral transplant. All costs were 
estimated in US dollars following the conversion rate of 45 Philippine Pesos 
to US$1. 




Spawning, larval settlement competency periods and early post-
settlement survivorship - Five colonies of M. colemani and five colonies of 
F. halicora spawned on 14th May 2009 between 1930 h and 2030 h and a 
total of 882,240 F. halicora and 772,800 M. colemani larvae were obtained. 
Larvae of M. colemani and F. halicora were motile 36 hours after fertilization 
and were able to settle and metamorphose at day two post-fertilization (Fig. 
3.2). Mean settlement of M. colemani planulae increased steadily from day 
two and peaked at day three (94 ± 14%; mean ± S.D.), after which the mean 
proportion of settled larvae decreased to 14 ± 9% at day six post-fertilization. 
Larvae of F. halicora exhibited a similar pattern with mean settlement peaking 
at day four post-fertilization (96 ± 12%) and declining to 13 ± 30%) at day six. 
 
 
Figure 3.2. Larval settlement competency period showing the proportion (+ S.D.) of 
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The initial mean number of coral spat (approximately 1 mm2) on the plugs 
(Fig. 3.3) was high for both M. colemani (538 ± 87 spat plug-1; mean ± S.E.) 
and F. halicora (468 ± 62 spat plug-1) at two weeks post-fertilization. The 
mean number of live coral recruits subsequently decreased significantly with 
time (F3,8 = 7.922, p = 0.009 for M. colemani and F3,8 = 8.646, p = 0.007 for F. 
halicora). The mean number of M. colemani coral spat on the plugs dropped 
by more than eleven fold to a mean of 46 spat per plug (S.E. ± 8 spat plug-1) 
at nine weeks (Fig. 3.3a). A similar trend was observed for F. halicora, 
wherein the mean number of recruits decreased rapidly to 62 spat per plug 
(S.E. ± 17 spat plug-1) after nine weeks (Fig. 3.3b).  
 
 
Figure 3.3. Early post-settlement survivorship of coral recruits showing the mean 
number of live (a) Montastrea colemani and (b) Favites halicora coral recruits (± S.E) 
on each plug. * and ** denote significance (Tukey HSD test) at p = 0.05 and 0.01, 
respectively. 
 
Survivorship of corals in the nurseries and after transplantation - Two 
weeks after fertilization a total of 2069 plugs had been settled with live coral 
spat. After 12 months in the ex situ nursery, the number of plugs containing 
living corals declined by 39% and 36% for M. colemani and F. halicora 
respectively (Table 3.1). Subsequently, after 13 months in the in situ nursery, 
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the percentage of coral plugs with at least one live coral declined by a further 
7% and 8% respectively. Altogether, the percentage of plugs with one live 
coral in the first 25 months (approximately two years) in the ex and in situ 
nurseries ranged from 54 to 56%. 
 
Table 3.1. Changes in average geometric mean diameter and survival rates of 
Montastrea colemani and Favites halicora in the ex situ and in situ nurseries. 







mean diameterb (mm ± 
S.D.) 
Montastraea colemani Ex situ 0 1059 100 N.D. 
  6 770 73 N.D. 
  10 649 61 N.D. 
  12 644 61 14.9 ± 3.9 
 In situ 14 636 60 19.7 ± 4.2 
  17 610 58 21.1 ± 3.6 
  22 597c 56 21.3 ± 5.7 
  25 582c 54 21.4 ± 5.9 
Favites halicora Ex situ 0 1010 100 N.D. 
  6 790 78 N.D. 
  10 655 65 N.D. 
  12 649 64 12.1 ± 5.1 
 In situ 14 632 63 17.9 ± 5.3 
  17 593 59 20.4 ± 4.6 
  22 568c 57 24.2 ± 5.5 
  25 564c 56 25.9 ± 3.5 
a Total number of plugs with at least 1 live coral 
b Calculated using the geometric mean diameter of 50 tagged corals  
c Estimated using the survival rates of the remaining number of plugs after the first 
transplantation 
d Calculated based on the initial number of coral plugs with live corals at the start of the ex situ 
nursery phase 
N.D. = Not determined 
 
The final survival rate for both coral species at the end of the first transplant 
phase at Lucero (23 months) was 83%. While the detachment rates for both 
species were low (10% and 16% for M. colemani and F. halicora 
respectively), minor adjustments were made to the transplantation protocol to 
reduce the dislodgement of the transplants by increasing the amount of 
adhesives used. In the second transplantation phase (June 2011), all the 
corals transplanted to Lucero survived and the final survival rates for both 
species in Caniogan were remarkably high (100% and 95% for M. colemani 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
72 
 
and F. halicora respectively) after 15 months (Table 3.2). The detachment 
rate was drastically reduced to 1.25% in Caniogan and none of the plugs was 
dislodged in Lucero. In the third transplantation (October 2011), M. colemani 
had final survival rates of 91% and 96% at Lucero and Caniogan respectively, 
while 96% and 95% of the F. halicora transplants at Lucero and Caniogan 
survived after 19 months.  
Table 3.2. Changes in average geometric mean diameter, ecological volume and 












mean diameter b 
(mm ± S.E.) 
Mean ecological 
volume (mm3 ± 
S.E.) 
1 Lucero Montastraea colemani 17 30 100 24.6 ± 0.1 N.D. 
   22 28 93 25 ± 0.4 N.D. 
   25 26 87 29.4 ± 0.7 N.D. 
   29 25 83 32.1 ± 0.7 N.D. 
   40 25 83 38.8 ± 0.4 N.D. 
  Favites halicora 17 30 100 25.8 ± 0.3 N.D. 
   22 27 90 31.9 ± 0.6 N.D. 
   25 25 83 34.7 ± 0.5 N.D. 
   29 25 83 38.8 ± 0.4 N.D. 
   40 25 83 54.5 ± 1.2 N.D. 
2 Lucero Montastraea colemani 25 40 100 28.7 ± 0.14 17786 ± 324 
   29 40 100 31 ± 0.16 22223 ± 101 
   40 40 100 35.1 ± 0.3 35581 ± 787 
  Favites halicora 25 40 100 30.7 ± 0.1 24952 ± 312 
   29 40 100 33.6 ± 0.2 34098 ± 741 
   40 40 100 42.1 ± 0.2 59932 ± 731 
 Caniogan Montastraea colemani 25 40 100 28.5 ± 0.2 17219 ± 500 
   29 40 100 30 ± 0.1 20136 ± 435 
   40 40 100 35.5 ± 0.5 35805 ± 1322 
  Favites halicora 25 40 100 30.6 ± 0.2 24197 ± 713 
   29 40 100 33 ± 0.2  30976 ± 759 
   40 38 95 39.7 ± 0.9 53142 ± 3195 
3 Lucero Montastraea colemani 29 69 100 25.9 ± 0.4 11762 ± 785 
   40 68 99 34.3 ± 0.4  32075 ± 1799 
   48 53 91 37.1 ± 1.24 41142 ± 5122 
  Favites halicora 29 120 100 31.3 ± 0.4 22167 ± 837 
   40 118 98 43.2 ± 0.8 58819 ± 6177 
   48 115 96 50.3 ± 1.1 99448 ± 8016 
 Caniogan Montastraea colemani 29 69 100 25.4 ± 0.6 10871 ± 574 
   40 68 99 32.9 ± 0.9 28863 ± 2370 
   48 66 96 36.1 ± 1.3 39801 ± 3507 
  Favites halicora 29 120 100 29.4 ± 0.6 17947 ± 1348 
   40 118 98 42.2 ± 0.7 61892 ± 6206 
   48 114 95 48.3 ± 1.2 93204 ± 9107 
a Total number of plugs with at least 1 live coral 
b Calculated using the geometric mean diameter of 10 tagged corals on each replicate outcrop 
N.D. = not determined 




Coral growth rates in the nurseries and after transplantation - After 12 
months in the ex situ nursery, M. colemani and F. halicora attained average 
GMD of 14.9 ± 3.9 mm (mean ± S.D.) and 12.1 ± 5.1 mm respectively (Table 
3.1). In the in situ nursery, the mean sizes of the corals grew by 1.4 to 2.1 fold 
in 13 months, and the average GMD of M. colemani reached 21.4 ± 5.9 mm 
and 25.9 ± 3.5 mm for F. halicora. 
 
The 17-month-old M. colemani (24.6 ± 0.1 mm; mean ± S.E.) and F. halicora 
(25.8 ± 0.3 mm) juveniles transplanted to Lucero in the first phase were of 
similar initial sizes (F1,4 = 6.64, p > 0.05) and grew to 38.8 ± 0.4 mm (R2 = 
0.91) and 54.5 ± 1.2 mm (R2 = 0.99) 23 months after transplantation (40-
month-old), respectively (Table 3.2; Fig. 3.4; Fig. 3.5). Favites halicora grew 
significantly faster than M. colemani (F = 11.58, p = 0.027), with mean 
monthly growth rates of 1.46 ± 0.22 mm month-1 and 0.62 ± 0.1 mm month-1 
respectively. Majority of the corals (87 to 90%) were attached to the outcrops 
within 5 months, with visible growth of coral tissue over the substrate.  
 
Figure 3.4.  Growth curves of Montastrea colemani and Favites halicora juveniles in 
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Fifty juveniles of each species in the nursery and 30 transplants were tagged and 
monitored for the changes in geometric mean diameter. Error bars = S.D. 
 
In the second transplantation phase, the mean geometric growth rates 
differed between species (F = 5.646, p = 0.037) but not sites (F = 0.66, p > 
0.05). The M. colemani transplants in Lucero grew at mean linear growth 
rates of 0.42 ± 0.02 mm month-1 (volumetric growth rate 1186 ± 79 mm3 
month-1; mean ± S.E.) and those in Caniogan grew at rates of 0.47 ± 0.07 mm 
month-1 (volumetric growth rate 1239 ± 164 mm3 month-1). Favites halicora 
colonies had mean linear growth rates of 0.76 ± 0.03 mm month-1 (volumetric 
growth rate 2332 ± 138 mm3 month-1) in Lucero and 0.61 ± 0.14 mm month-1 
(volumetric growth rate 1934 ± 456 mm3 month-1) in Caniogan. The final sizes 
of M. colemani transplants were similar at both sites (approximately 35 mm, 
35000 mm3), while the F. halicora colonies were 42.1 ± 0.02 mm (59932 ± 
731 mm3) at Lucero and 39.7 ± 0.9 mm (593,142 ± 3195 mm3) at Caniogan 
(Table 3.2). 
 
In the third transplant phase, the mean geometric growth rates of M. colemani 
at Lucero and Caniogan were 0.58 ± 0.09 mm month-1 (mean ± S.E.) and 0.56 
± 0.04 mm month-1, and the final sizes 37.1 ± 1.24 mm and 36.1 ± 1.3 mm 
respectively. Favites halicora grew 1 ± 0.08 mm month-1 in Lucero and 1.49 ± 
0.08 mm month-1 in Caniogan, with final sizes of 50.3 ± 1.1 mm and 48.3 ± 1.2 
mm at Lucero and Caniogan respectively (Table 3.2). The mean monthly 
geometric growth rates differed significantly between the coral species (F = 
9.979, p = 0.016) but not among sites (F = 1.021, p > 0.05). The mean 
volumetric growth rates of M. colemani transplants were 1543 ± 23 mm3 
month-1 in Lucero and 1522 ± 16 mm3 month-1 (mean ± S.E.) in Caniogan to 
reach a final size of 41112 ± 5112 mm3 and 39801 ± 3507 mm3, respectively. 
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F. halicora colonies grew 4072 ± 28 mm3 month-1 and 3960 ± 29 mm3 month-1 
at Lucero and Caniogan, with final volumes of 99448 ± 8016 mm3 and 93204 
± 9107 mm3, respectively. 
 
 
Figure 3.5.  Representative photographs of sexually propagated Favites halicora (a-c) 
and Montastrea colemani (c-f) in the ex situ nursery after 12 months (a,d), 
transplantation to Lucero at 17 months (b,e) and 23 months after transplantation (c,f). 
Scale bars = 20 mm. 
 
Assessment of reproductive status - A total of 18 F. halicora colonies (9 at 
each site) and 23 M. colemani colonies (11 at Lucero and 12 at Caniogan) 
were sampled to assess reproductive status (Fig. 3.6). Geometric mean 
diameters of the F. halicora colonies sampled ranged from 37 to 86 mm 
(45275 to 340554 mm3 ecological volume) but none of the colonies sampled 
were gravid at either sites. In contrast, 90% of M. colemani colonies sampled 
had pigmented eggs, indicating that they were reproductively mature. The 
gravid colonies (n = 21) ranged from 25 to 65 mm in geometric mean 
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diameter (15668 to 164179 mm3), while the two non-gravid colonies (n = 2) 
had diameters of 34 and 39 mm (33426 and 34500 mm3 ecological volume). 
 
Figure 3.6. Five-year-old sexually propagated Favites halicora (a) and Montastrea 
colemani transplants (b) fragmented to ascertain the reproductive maturity of the 
colonies. None of the F. halicora colonies had eggs, while most of the M. colemani 
had pink eggs (black arrows) indicating that the transplants were sexual mature. 
Scale bars = 10 mm. 
 
 
Cost estimates - The total expenditure incurred for rearing the coral juveniles 
from larvae to transplantation over three years was estimated at US$11,693 
(Table 3.3), with the equipment and labour costs accounting for 68% and 20% 
of the total cost. Based on the survival rates observed in this study, with a 
starting production scale of 2069 Faviid coral plugs, the cost per coral plug 
after one year in the ex situ nursery (1293 live coral plugs) and half a year in 
the in situ nursery (1203 live coral plugs) were US$6.91 and US$8.58 
respectively. The estimated cost per coral based on transplanting all the 1.5-
year-old coral plugs at one site (eg. Lucero) was US$9.28 and with a survival 
rate of 83%, the final cost per coral of the three year project was US$11.18.  
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Table 3.3. Cost estimates (US$) of a 3-year project to produce 2069 faviid coral plugs 




Time input by 
personnel 
 SCUBA tank 
hire 
 Boat hire  Subtotal 
cost  
Percentage 
of total cost 
Person 
hours 
Cost  Units Cost  Trips Cost    
1. Establishing larval 
culture 
7246 372 1081  12 42  3 135  8504 76.2 
2. Rearing corals in ex 
situ nursery 
186 192 248  0 0  0 0  434 3.9 
3. Rearing corals in in 
situ nursery 
90 248 429  60 210  14.5 653  1382 12.4 
4. Transplantation and 
monitoring 
40 168 454  42 147 
 
 4.5 203  844 7.5 
Grand total for 3 
years 
11163            
Cost per 1-year-old 
coral (ex situ nursery) 
6.91            
Cost per 1.5-year-old 
coral (in situ nursery) 
8.58            
Cost per 1.5-year-old 
coral transplant 
9.28            
Cost per 3-year-old 
coral  
11.18            
Personnel involved in the study corresponded to skill levels 1, 2 and 3 in Edwards et al. (2010), adopting 
local hiring rates in the Bolinao, Pangasinan, northwestern Philippines. The costs for the rental of aquaria 
facilities, air tank and boat hire were estimated based on rates charged by Bolinao Marine Lab. The 
respective survival rates for the corals in the ex situ (1293 corals) and in situ (1203 corals) nursery were 
used for the calculation of cost per coral prior to the transplantation, while the survival rates of the corals 
transplanted to Lucero in October 2010 was used to compute the cost of each 3-year-old coral (83% 
survivorship).  All costs were estimated in Philippine Pesos (PhP) and converted to US$ at the rate of PhP 
45 = US$ 1. 
 




Even though there has been increased emphasis on reef rehabilitation, there 
are limited attempts at sexually propagating scleractinian corals for such 
purposes (Omori 2008; Nakamura et al. 2011; Villanueva et al. 2012; Guest 
et al. 2014) and the only corals used to date have been the fast-growing 
acroporiids and branching pocilloporids. In the present study, the feasibility of 
rearing coral larvae derived from two hemaphroditic broadcasting massive 
corals, M. colemani and F. halicora was demonstrated. Although the 
settlement rate was very high, more than 30% of the coral recruits died in the 
first 10 months. The subsequent transplantation of the nursery reared corals 
yielded survival rates of more than 80% in the field and the M. colemani 
transplants were reproductively mature in 5 years. 
 
The faviid larvae were motile by 36 hours post-fertilization and settlement 
peaked on the third to fourth day. This was similar to larvae derived from 
other broadcast spawning faviids, such as Favites chinensis which tended to 
settle within 48 hours after fertilization (Nozawa & Harrison 2005). A high 
initial settlement of 538 M. colemani and 468 F. halicora coral spat per plug, 
equivalent to settlement densities of 0.36 and 0.31 recruits mm-2, were 
recorded two weeks after fertilization. However, the number of live recruits 
decreased drastically by 7.5 to 11 times over nine weeks, in which M. 
colemani and F. halicora experienced the largest drop from the 5th and 7th 
weeks post-fertilization, respectively. This was also observed in Favia fragum, 
where significant decrease in survival rates occurred within the first two 
months (Petersen et al. 2008). The presence of post-settlement stressors in 
the early stages of coral development was a likely factor for the bottleneck in 
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coral recruit survival. Under such controlled conditions, the exact cause of this 
high early post-settlement mortality remained unclear but it seemed plausible 
that the coral recruits were unable to cope with the competitive interactions 
stemming from benthic organisms and microbial community (Birrell et al. 
2008; Vermeij et al. 2009) present on the substrates and within the column. 
Particularly, the presence of fouling macroalgae such as Bryopsis corymbosa 
in the tanks observed in this study might have injured the coral tissues, 
through mechanisms such as physical smothering, shading and alleopathy 
(McCook et al. 2001; Bonaldo & Hay 2014). The high settlement densities on 
the plugs may have exceeded the optimal density for survival, leading to 
reduced survival probabilities (Holm 1990). 
 
In the ex situ nursery, the survival rates of the faviid corals ranged from 73% 
to 78% after six months and these were much higher than those of the 
acroporiid juveniles observed by Villanueva et al. (2012), in which only 10% of 
the coral plugs had live corals after six months in the ex situ nursery. The 
differences observed were likely to be due to the difference in life history traits 
– the stress-tolerant faviids (K-selected strategist) tended to grow 
substantially slower but are more resistant to abiotic and biotic stressors 
(Darling et al. 2012). In contrast, the competitive fast-growing acroporiids (r-
selected strategist) are more susceptible to disturbances, and juveniles 
tended to exhibit higher mortality rates (Darling et al. 2012). The final survival 
rates of M. colemani and F. halicora stabilized at 61% and 64% respectively 
after 12 months in the ex situ nursery. Clearly, the high coral mortality rates in 
the first 10 months post-fertilization were a huge impediment to large-scale 
propagation of sexually-derived scleractinian corals. During this period, 
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broadcast spawners are at their most vulnerable phase (Vermeij & Sandin, 
2008) and nutritional enhancement through increasing prey densities may 
improve coral survival in ex situ culture (Petersen et al. 2008). Furthermore, 
with the maintenance regimes employed in this study, the introduction of 
grazing gastropods in the coral culture and manual removal of algae was 
likely to have benefited the corals (Omori 2008; Guest et al. 2014). However, 
the number of grazers deployed may not have been sufficient to effectively 
control the rapid proliferation of fouling macroalgae, which led to elevated 
coral mortality rates (Bonaldo & Hay 2014).  
 
The transfer of the 12-month-old corals to the in situ nursery was necessary 
to reduce the cost of maintaining the ex situ nursery (Shafir et al. 2006) and to 
acclimatize the corals to the field conditions prior to transplantation. After 13 
months, the in situ mortality rates were extremely low (7% to 8%) despite 
experiencing a prolonged severe thermal anomaly event from June to 
November 2010. During this period, none of the colonies was observed to 
have bleached entirely at each monitoring interval. It was possible that the 
site had sufficient water exchange to mitigate the effects of the thermal stress, 
since the more susceptible Acropora millepora colonies located in the in situ 
adjacent nursery were bleached (pers. obs.). The low mortality rates could 
also indicate that the corals had attained the refuge size required 
(approximately 20 to 25 mm diameter) to withstand the effects of predation 
and incidental grazing (Raymundo & Maypa 2004; Vermeij & Sandin 2008), 
from the corallivorous butterflyfishes (Chaetodon spp.) and grazing sea 
urchins (Diadema spp.) sighted near the nursery. Competition from sponges, 
ascidians and macroalgae persisted, and regular maintenance at intervals of 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
81 
 
one to three months was still necessary to control the proliferation of the 
fouling organisms. The corals had a 1.4- to 2-fold increase in average 
geometric mean diameter, but the growth rates decreased when the corals 
were 22 to 25 months old since the most the plugs were already covered 
entirely by the coral colonies.  
 
In the first transplantation phase to Lucero, the final survival rates for both 
coral species were 83% at 23 months after transplantation, of which 10% to 
16% of the mortality was due to detachment. Ensuring that the plugs were 
fully inserted into crevices and the direct contact of the coral tissue to the 
substrate resulted in over 87% attachment rates five months after 
transplantation. However, the survival rates could have been higher if not for 
the loss through the detachment of the coral plugs. This was confirmed in the 
second transplantation phase, where 100% survivorship was attained by both 
species of corals after improvements to the transplantation method were 
made to ensure a stronger attachment of the corals to the substrate. In the 
final transplantation phase, all the healthy corals were transplanted and the 
survival rates were also more than 90% for both species. The use of 
adhesives was thus essential to securing the plugs to the reef and was able 
to promote rapid attachment to the substrata (Guest et al. 2011; Villanueva et 
al. 2012). While the survival rates of the corals were similar between the two 
transplant sites, the juvenile faviid corals appeared to have responded better 
to transplantation than the asexually propagated fragments of the same 
genus, wherein the survival rates were approximately 33%, 28 months after 
transplantation to a degraded reef in Maldives (Clark & Edwards 1995). In 
addition, it was clear the faviid juvenile transplants were able to resist the 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
82 
 
thermal stress encountered in 2010, 2012 and 2013, and at 1.5 years post-
fertilization, they had attained the refuge size (approximately 24 to 30 mm 
diameter) required to withstand predation. This was expected since the 
massive faviid corals tend to be resistant to environmental anomalies (Darling 
et al. 2012; Depczynski et al. 2013) as corals with K-selected strategy tend to 
devote larger energy investment for dense skeletons that are robust to 
disturbances (Sleeman et al. 2005). Faviids were also one of the least 
preferred taxa for corallivores (Alwany et al. 2002; Baums et al. 2003), and 
the presence of muricid snails observed on numerous monitoring occasions 
did not impact the coral survivorship.  
 
While it is known that massive faviid corals tend to grow slower than the 
branching ones, accurate information on coral juvenile growth rates remain 
deficient given the difficulty in estimating coral age based on size alone (Baria 
et al. 2012). Tracking the growth of sexually propagated corals thus contribute 
to the knowledge of massive coral life history traits. The geometric mean 
diameter of both coral species increased linearly in the first 40 months post-
fertilization, and F. halicora grew faster than M. colemani. This was consistent 
in all three transplant phases, regardless of the recipient sites. Montastrea 
colemani grew at rates of 0.42 to 0.62 mm month-1 (1186 to 1543 mm3 month-
1) and F. halicora had growth rates of 0.61 to 1.46 mm month-1 (1934 to 4072 
mm3 month-1) in the first four years post-fertilization. Although the effect of 
nursery time on coral growth rates was not examined in this study, it 
appeared that the length of the nursery phase did not affect the eventual size 
of the corals after transplantation to the reef since the final sizes were similar 
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for each species, corroborating with the observations made in Guest et al. 
(2014).  
 
The presence of gravid M. colemani transplants have shown that this 
technique can potentially produce viable and fertile offspring. While the onset 
of maturity in Acropora can occur as early as three years post-fertilization 
(Wallace 1985; Baria et al. 2012), this is the first study to provide empirical 
evidence that the onset of reproductive maturity for faviids can be as early as 
5 years post-fertilization. The smallest gravid colony was only 25 mm in 
diameter, which was much smaller than what was previously documented in 
the other faviids - Goniastrea aspera and G. favulus in Australia (280 mm 
diameter; Babcock 1984). In contrast to the fast-growing acroporiids, the 
delay in reproductive maturity in faviids was expected since colony size is an 
important determinant in coral sexual maturity (Halls & Hughes 1996) and 
slow-growing corals require a longer time to reach the critical size. This size 
can vary across genera and an early onset of maturity at a smaller size could 
indicate a tradeoff with growth. This was plausible as F. halicora had 
consistently higher growth rates and larger final sizes than M. colemani in all 
three transplantation cohorts, but were not sexually mature when they were 
sampled five years after fertilization. This could underline a key difference in 
life strategies between this two species: F. halicora has adopted the strategy 
of increasing growth to enable rapid colonization of the substrata and the 
attainment of the refuge size, while M. colemani has adopted the strategy of 
increasing the number of propagules released to facilitate spatial colonization 
of the reef (Darling et al. 2012). 
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Since a direct comparison of the total expenditure among restoration projects 
would be inaccurate due to the differences in labor costs among locations, 
scale of production and consumable costs, the use of cost per coral as a 
measure of cost-effectiveness has been recommended (Edwards 2010). The 
cost per coral for the entire project (US$11.18) was still higher than if asexual 
propagation techniques were used (US$ 0.15; dela Cruz et al. 2014) due to 
the longer nursery time required for rearing coral juveniles, which 
inadvertently raised the setup and operational costs. Promoting community 
involvement can defray some of the labor costs (dela Cruz et al. 2014) while 
ensuring the longevity of capital equipment and continuity of restoration 
projects would be able to reduce the initial setup costs. The introduction of 
more effective grazers of fouling macroalgae such as sea urchins can also 
help to reduce maintenance costs in ex situ culture systems (Forsman et al. 
2006).  
 
It was evident that scaling up the production effort to achieve economy of 
scale was crucial in improving cost-effectiveness of transplantation projects. 
For instance, with a production scale of 150 sexually derived corals, the cost 
per coral after 19 months in the nursery was US$25 (Guest et al. 2014), as 
compared to US$8.58 in this study. The increase in the number of coral 
transplants generated can be done by increasing the number of substrates 
used for each larval settlement tank, thus maximising the efficiency of the 
operational processes involved. Reducing the detachment rates of the plugs 
and improving the survival rates of the coral transplants would also improve 
cost-effectiveness (Guest et al. 2014). More importantly, while propagating 
corals sexually remained costly, the long-term benefits could outweigh the 
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expenditure incurred through the rearing of a single cohort of long-lived 
corals. The transplantation of sexually-derived faviids for example, can 
ensure their persistence on the reef even in stressful environments, since 
these corals tend to be highly fecund and are capable of withstanding 
extended periods of recruitment failure (Darling et al. 2012). 
 
The results presented in this study supplement the existing literature on 
scleractinian coral reproduction and larval development, and provided 
empirical data required to fill key knowledge gaps in the early life history traits 
of massive faviid corals. More importantly, it was demonstrated that the 
sexual propagation of faviid corals from larvae to reproductively mature coral 
transplants for reef rehabilitation to increase genetic variabilty is technically 
feasible. The cost of such efforts remained high but the cost-effectiveness 
can be improved by scaling up production efforts, augmenting early post-
settlement survival and the reduction in labor costs through community 
involvement. 
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CHAPTER 4. INCLUSION OF BIOLOGICAL CONTROLS OF FOULING 
MACROALGAE IN THE EX SITU MARICULTURE OF CORAL 
JUVENILES5,6 
4.1. Introduction 
Coral mariculture is an important component in the aquarium industry, and 
scleractinian corals account for more than half of the live coral trade (Green & 
Shirley 1999; Wabnitz et al. 2003). Advances in husbandry practices leading 
to the augmented generation of coral propagules have the potential to reduce 
the number of colonies harvested from the wild (Borneman & Lowrie 2001), 
as well as assist with conservation efforts (Petersen et al. 2006, 2008). 
Additionally, coral mariculture has increasingly been adopted as a tool in reef 
restoration, chiefly serving to provide large numbers of corals for 
transplantation to areas of degraded reef (Ng et al. 2012; Schopmeyer et al. 
2012).  
 
Asexual coral propagation, involving the excision of small coral fragments 
from parent colonies and adhering them on artificial substrates to grow in in 
situ or ex situ mariculture, is commonly performed due to its relative ease and 
low cost (Rinkevich 2005). Recent advancements in coral sexual propagation 
techniques have also made it possible to harness the high fecundity of the 
corals to generate manifold increases in source material and increase the 
genetic diversity of corals (Rinkevich 1995; Guest et al. 2010). However, 
                                                
5 Part of this chapter has been published as Ng CSL*, Toh TC*, Toh KB, Guest JR, Chou LM  
(2013). Dietary habits of grazers influence their suitability as biological controls of fouling 
macroalgae in ex situ mariculture. Aquaculture Research DOI: 10.1111/are12128. 
* These authors contributed equally to this publication 
 
6 Part of this chapter has been published as Toh TC, Ng CSL, Guest JR, Chou LM (2013). 
Grazers improve health of coral juveniles in ex situ mariculture. Aquaculture 414-415: 288–293. 
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sexual propagation techniques are still at the initial stages of experimentation 
and tend to be more expensive and labour-intensive when compared to 
asexual techniques (Guest et al. 2010). Coral juveniles are especially 
vulnerable during the first few weeks and months after settlement, and while 
rearing corals ex situ helps to overcome some of the causes of this mortality 
bottleneck, high levels of mortality still occur due to a variety of factors such 
as predator infestation and temperature anomalies (Forsman et al. 2006; 
Schopmeyer et al. 2012).  
 
A major stressor in mariculture is unregulated macroalgal growth, which can 
impact the health and yield of the target cultured organisms via competition 
for nutrients and space (Ellis 2000) or by contamination from toxins 
(Shumway 1990). This problem is particularly pronounced in the tropics 
where algal fouling is usually more rapid and aggressive (Braithwaite & 
McEvoy 2004; Cheah & Chua 1979). Although corals and macroalgae can 
competitively inhibit each other in the field through mechanisms such as 
overgrowth, shading, abrasion and allelopathy (McCook et al. 2001; Tanner 
1995), juvenile corals and coral fragments in mariculture tanks are highly 
vulnerable to damage from algal proliferation (Shafir et al. 2009; Soong & 
Chen, 2003; Villanueva et al. 2005). As such, strict maintenance regimes in 
coral mariculture, which typically involve the manual removal of fouling algae, 
are usually necessary to reduce the deleterious effects of algal overgrowth 
(Bongiorni et al. 2011; Edwards 2010; Raymundo & Maypa 2004), but this 
approach drastically increases labour costs. For example, the amount of time 
required to clean an in situ coral nursery of fouling organisms can take up to  
60 man-hours per month (Shafir et al. 2010). Additionally, while antifouling 
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paints are generally effective against fouling organisms, they are, when in 
close proximity, toxic to small coral fragments, and may thus be a counter-
productive strategy (Shafir et al. 2009). 
 
Herbivores profoundly influence the structure and function of primary 
producers in various marine ecosystems by exerting a top-down control on 
macrophyte communities (Burkepile & Hay 2006) and influencing 
fundamental processes such as bioerosion and habitat creation (Borowitzka 
1981; Tribollet & Golubic 2011). It follows that a reduction in the numbers of 
grazers would lead to significant increases in the abundance of primary 
producers such as algae, as exemplified by numerous herbivore exclusion 
studies (see review by Poore et al. 2012). Hence, the employment of 
biological controls (or biocontrols) in mariculture can be used to reduce the 
cost and effort in curbing algal proliferation, and has resulted in increased 
yields in the mariculture of cultured organisms (Clarke et al. 2003; Lodeiros & 
Garcia 2004).  
 
Gastropods and sea urchins are two major taxa that have been employed as 
biocontrols in coral mariculture to keep epilithic algal matrices in check (Omori 
2005; Forsman et al. 2006). Although there is no doubt that grazers are 
beneficial for controlling levels of macroalgae in tanks, whether grazing 
animals directly affect the health of hard corals in mariculture has not been 
extensively examined (Shafir et al. 2010). Grazers can kill primary polyps and 
injure multi-polyp recruits due to incidental grazing (Omori 2005; Forsman et 
al. 2006), and may result in the proliferation of other algae which have the 
potential to smother small coral colonies, especially if the grazers display 
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dietary preferences for particular algal species (Petersen et al. 2005; 
Villanueva et al. 2010). Therefore, if biocontrols are to be used, the suitability 
of a particular grazer in dealing with the problem of algal fouling will have to 
be specifically investigated prior to any introduction, and an equilibrium needs 
to be established to ensure that the health of the coral material is not 
compromised and the fouling algae are adequately removed.  
 
The first aim of this two-part study was to establish the dietary habits of the 
sea urchin Salmacis sphaeroides and the gastropod Trochus maculatus in an 
ex situ mariculture facility. The effects of T. maculatus and S. sphaeroides on 
algal communities that had established on terracotta tiles were determined. 
The consumption rates of three representative macroalgae species that 
commonly foul mariculture tanks were then quantified. Finally, the dietary 
preferences of S. sphaeroides for the three macroalgae species were 
investigated. In the second part of the study, the objective was to examine if 
the grazers T. maculatus and S. sphaeroides would influence the health of 
Pocillopora damicornis juveniles reared in an ex situ coral mariculture facility, 
by quantifying their effects on growth rates, tissue colouration and the extent 
of tissue damage of the corals. 
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4.2. Materials and methods 
 
4.2.1. Examining the dietary habits of Salmacis sphaeroides and Trochus 
maculatus in ex situ mariculture 
Effects of grazers on fouling algal communities in ex situ mariculture – 
Salmacis sphaeroides (6.5 to 8 cm test diameter) were collected from Changi 
Beach, Singapore (1°22′30″ N, 104°00′17″E) while Trochus maculatus (3.5 
to 4 cm basal diameter) were collected from a rocky shore at St Johnʼs Island, 
Singapore (1°12′50″N, 103°51′04″E). The animals were immediately 
transported to a mariculture facility on St Johnʼs Island and placed in tanks 
supplied with flow-through sand-filtered seawater. 
 
Square terracotta tiles (5 cm x 5 cm x 1 cm) were biologically conditioned in 
flow-through tanks for at least 6 months to allow an assemblage of 
macroalgae to develop over them. Forty-two tiles with more than 90% algal 
cover on the top surfaces were used for this experiment, with two tiles placed 
in each of 21 perforated polyethylene tanks (18 cm x 18 cm x 9 cm). The 
grazers were pre-starved for 24 h and the fresh weights were measured using 
an electronic weighing balance (Ohaus SP602, Ohaus Corporation, Pine 
Brook, NJ, USA) to standardize the total herbivore biomass in each treatment. 
Each replicate treatment contained either one S. sphaeroides, three T. 
maculatus or was a grazer-free control (n = 7 per treatment). The tanks were 
randomly arranged in a 560-litre outdoor flow-through sand-filtered seawater 
tank. Over the course of the experiment, mean daily temperature in the 
seawater tank measured with a HOBO Pendant® Temperature/Light Data 
Logger (Onset Computer Corporation Inc., Pocasset, MA, USA) ranged 
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between 27.3 and 28.3°C.  
 
The tiles were monitored over 4 weeks and the algal cover on the tiles was 
analysed at four timepoints: Day 0, Day 2, Day 13 and Day 27. Photographs 
of each tile were taken and the algal community was quantified by generating 
50 random stratified points with the software Coral Point Count with Excel 
extensions (Kohler & Gill 2006) and categorizing them based on the following 
functional groups adapted from Villanueva et al. (2010): (i) green filamentous 
(GFI), (ii) red corticated (RCO), (iii) brown foliose (BFO), (iv) crustose 
coralline algae (CCA), (v) green turf algae (~0.5 cm) (TURF) and (vi) bare tile 
surface (TILE). 
 
Using these variables, a Bray Curtis similarity matrix of tile algal communities 
was constructed. A non-metric multidimensional scaling (nMDS) ordination of 
the similarity matrix was used to visualize the between-treatment and 
between time-point differences of the algal communities. One-way analysis of 
similarities (ANOSIM) was used to test for differences among treatments at 
each time-point. Similarity of percentages analysis (SIMPER) was performed 
to quantify the level of similarity within and between treatments/time and to 
identify the variables contributing to the dissimilarities. The nMDS ordination 
plot was constructed using R 2.14.2 while all other analyses were performed 
using PRIMER v6.16 (Clarke & Gorley 2006). 
 
Algal consumption rates of Salmacis sphaeroides and Trochus 
maculatus -  The preceding experiment demonstrated that red corticated, 
green filamentous and brown foliose algae were the most prevalent types of 
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fouling algae in mariculture tanks (see Fig. 4.2). To determine the grazersʼ 
consumption rates of these algae as a measure of their edibility (Nicotri 
1980), a ʻsingle dietʼ experiment was set up. Hypnea spinella, Bryopsis 
corymbosa and Lobophora variegata, which best represented the three algal 
forms, respectively, were collected from the natural shore at Tanjung Rimau, 
Sentosa Island, Singapore (1°15′34″N, 103°48′24″E). Two pieces of 10 cm x 
10 cm plastic mesh (mesh sizes of 2 cm and 0.7 cm) were used to sandwich 
1.5 g fresh weight of each algal type, forming an “algae packet” which 
maintained the thalli as a clump but still allowed the grazers to come into 
contact with the algae. Two packets with the same algae species were then 
secured to the base of a polyethylene cage (21 cm x 12 cm x 12 cm), which 
prevented stray thalli from floating away and the grazer from escaping. The 
grazers were pre-starved for 24 h and only one individual was introduced into 
each cage to avoid intraspecific interactions (Peterson & Renaud 1989). In 
total, six replicate tanks of each treatment (S. sphaeroides, T. maculatus or 
control) were randomly arranged in a 560-litre tank with flow-through filtered 
seawater. After 24 h, the remaining algae in all the baskets were blotted dry 
and the fresh weight measured. 
 
The consumption rate for a particular alga was defined as the loss in fresh 
weight of the alga after 24 h of grazing. To account for autogenic changes 
(Peterson & Renaud 1989), the mean consumption rate, CX,Y  of algae X (B. 
corymbosa, L. variegata or H. spinella) by grazer Y (S. sphaeroides or T. 
maculatus), was calculated using the grazer-free controls as a correction 
factor:  
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!!,!   = − ∆!!,! −   ∆!!,!"#$%"&       (1) 
where Δm refers to the change in mean algal mass (after grazing – before 
grazing).  
 
The estimated variance of the corrected consumption rate was calculated as: !"# !!,! =   !"# ∆!!,! + !"#(∆!!,!"#$%"&)     (2) 
 
The corrected mean consumption rates of the two grazers for the three algae 
species was then compared using one-way ANOVA and Student-Newman-
Keuls (SNK) post hoc test (GMAV5). 
 
Dietary preferences of Salmacis sphaeroides -  Results from the single-
diet experiment revealed that the consumption rates of H. spinella and L. 
variegata, unlike that of B. corymbosa, were extremely low in the presence of 
T. maculatus (see Fig. 4.3) and therefore its dietary preferences were not 
examined. Salmacis sphaeroides, however, was subjected to a choice 
experiment to investigate its preferences as substantial amounts of the three 
algae species were consumed. Following the same protocol in the preceding 
section, algae packets were made but with each containing three grams of 
algae. Each pre-starved S. sphaeroides was presented a choice of two algal 
species and all three possible pairwise combinations were offered (n = 8 for 
each combination). Grazer-free controls for each combination were also set 
up to correct for autogenic changes in algal mass. After 24 h, the remaining 
algae were blotted dry and the fresh weight was measured.  
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For each pair of algae (A and B) presented to S. sphaeroides (S), the 
corrected mean consumption rates (!!,!"!  and !!,!"! ) and the corresponding 
variance estimates were calculated using equations (1) and (2). The dietary 
preference of S. sphaeroides for the three algae species was analysed using 
a two-phase mosaic design (Underwood & Clarke 2005) to test the 
differences in the proportion of the algae consumed in the choice experiment 
against that when the food choices were presented alone.  
 
The proportion of Algae A and B consumed in the single-diet experiment, !!/!, was calculated as follows:  !!/! =    !!,!!!,!         (3) 
The estimated variance of RA/B was calculated using Taylorʼs Approximation 
of Variances:  
!"# !!/! =    !!,!!!,! ! ×    !"#(!!,!)!!,!! +   !"#(!!,!)!!,!!       (4)  
 
Likewise, the mean and estimated variance of proportion of Algae A and B 
consumed in the choice experiment, !!/!! , was calculated using equations (3) 
and (4) respectively.  
 
Both the estimated means and variances of !!/!    and   !!/!!  were then 
transformed to normality using Geary-Hinkley transformation (Hayya, 
Armstrong & Gressis 1975) and t-test was used to analyse for differences 
between !!/!   and  !!/!! . The dietary preference of S. sphaeroides for either 
Algae A or B was inferred when !!/!!  was significantly different from !!/!. 
 




4.2.2. Examining the effects of Trochus maculatus and Salmacis sphaeroides 
on the health of Pocillopora damicornis juveniles reared in an ex situ coral 
mariculture 
Effects of co-rearing grazers with Pocillopora damicornis juveniles - 
Trochus maculatus (31 ± 3 mm basal diameter; 15.9 ± 3.2 g) (mean ± SD) 
were collected from a rocky shore at St John's Island (1°12′50″N, 
103°51′04″E), while S. sphaeroides were (73 ± 2 mm test diameter; 63.8 ± 
0.8 g) from a seagrass patch at Changi Beach (1°22′30″N, 104°00′17″E). 
The grazers were transported to an ex situ mariculture facility at the Tropical 
Marine Science Institute on St John's Island and housed in 560 L fibreglass 
tanks supplied with flow-through sand-filtered seawater. 
 
Five colonies of brooding coral P. damicornis were collected each from the 
reefs off Raffles Lighthouse (1°9′33″N, 103°44′27″E) and Kusu Island 
(1°13′26″ N, 103°51′39″E) one to four days before the night of the new moon 
on 8th October 2010. To maximise the chance that coral colonies were 
sexually mature and to reduce the chance of collecting identical genets, only 
colonies with a diameter of at least 10 cm and which were at least 5 m apart 
from each other were selected (Harriott 1983). The corals were transported to 
the mariculture facility and maintained in a 2300 L fibreglass tank with flow-
through sand-filtered seawater. 
 
Adapting the methods from Guest et al. (2010), each coral colony was 
transferred to 30 L tanks on the day of the new moon. Biologically conditioned 
ʻplugsʼ, made of plastic wall plugs embedded in cement hemispheres (40 mm 
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diameter), were used as settlement substrates to facilitate handling and direct 
transplantation to the reef (sensu Guest et al., 2010). Planulation was 
observed in nine of the ten colonies from the third to seventeenth day after 
the night of the new moon, followed by settlement on the plugs. The 
geometric mean diameter of the 9-month-old juvenile corals used was 12.5 ± 
0.4 mm. 
 
Forty-eight plugs with juvenile corals were randomly distributed among twelve 
30 L tanks with flow-through sand-filtered seawater, and secured on an 
elevated PVC frame in each tank. Three treatments – T.maculatus, S. 
sphaeroides and grazer-free (control) – were established each with four 
independent tanks. Based on the weights of the grazers when they were 
collected, four T. maculatus individuals or one S. sphaeroides were used in 
each grazer treatment to standardize grazer biomass. These tanks were then 
distributed between two 560 L outdoor flow-through seawater tanks and 
rotated weekly tominimize potential positional effects. Daily mean 
temperatures in the tanks ranged from 29.5 to 29.9 °C as measured with 
Optic StowAway® Tidbit™ Temp Loggers (Onset Computer Corporation Inc., 
Massachusetts, U.S.A.). 
 
As proxies to the health of the juvenile corals, three parameters – changes in 
ecological volume, colony colour, and tissue lesion – were monitored every 
four weeks from August 2011 to January 2012. The length (l), width (w) and 
height (h) of each colony was measured with vernier calipers and a geometric 
mean diameter (d) was calculated using d = √(l x w). Ecological volume (E), 
defined as the total volume occupied by the coral colony and volume of water 
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between and below the branches (Shafir et al. 2006), was subsequently 
approximated using the formula for a cylinder, v = π(d ⁄ 2)2h (Levy et al. 2010; 
Villanueva et al. 2012). The growth rate constants (k) per day for the 
ecological volumes (E) were then calculated using the formulae k = ln(Et ⁄ E0)⁄t 
(Shafir et al. 2006), where E0 and Et  refer to the ecological volumes at the 
start and end of the study period respectively, and t is the duration of the 
study in days. Colony colour was scored on a six-point colour saturation scale 
(Coralwatch, Brisbane, Australia) following the method developed by Siebeck 
et al. (2006), which, with ʻ1ʼ corresponding to the lightest colour (most 
bleached) and ʻ6ʼ corresponding to the darkest, and was strongly correlated to 
changes in coral symbiont density and chlorophyll a content (Siebeck et al. 
2006). Tissue lesion manifested as a loss of tissue with the underlying 
skeleton exposed (Raymundo et al. 2008) and was scored on a four-point 
scale based on the extent of missing tissue (Forsman et al. 2006). A score of 
ʻ3ʼ indicated that the coral experienced more than 30% colony lesions, ʻ2ʼ 
indicated 10–30% colony lesions, ʻ1ʼ indicated 1–10% colony lesions, and ʻ0ʼ 
indicated no damage. Collectively, the three parameters represented a simple 
and non-invasive way of gauging the health of the juvenile corals and their 
response to stress. 
 
Biomass and composition of fouling algae - In addition to the four plugs 
bearing juvenile P. damicornis, two other plugs which had been biologically 
conditioned but without corals were also included in each tank, and all the 
plugs were spaced 10 cm apart. The latter two plugs were used to determine 
the corresponding effects of grazer presence on fouling algal communities in 
the mariculture tanks. The plugs were photographed every four weeks and 
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the algal cover on them was quantified by generating 30 random stratified 
points with the software Coral Point Count with Excel extensions (Kohler and 
Gill 2006). Each point was categorised into one of five functional groups (Ng 
et al. 2013b; Villanueva et al. 2010): (i) green filamentous and turf (GFI), (ii) 
red corticated (RCO), (iii) brown foliose (BFO), (iv) crustose coralline algae 
(CCA) and (v) bare tile surface (TILE). At the end of the experiment, all algae 
(except for crustose coralline algae) on these plugs were removed, dried 
overnight at 60 °C and weighed. 
 
Statistical analysis - Data for the weekly coral growth rates, mean colour 
and tissue lesion scores, final ecological volumes and mean algal dry weight 
were first tested for homogeneity of variances using Levene's test, followed 
by one-factor ANOVA with Tukey's HSD (Honestly Significant Difference) post 
hoc test for all possible pairwise comparisons. All analyses were performed 
using SPSS v 17.0 (SPSS Inc.). 





4.3.1. Dietary habits of Salmacis sphaeroides and Trochus maculatus 
influence their suitability as biocontrols in ex situ mariculture 
Effects of grazers on fouling algal communities in ex situ mariculture - 
There were no significant differences in algal communities among tiles of all 
treatments on Day 0 (ANOSIM, R = 0.04, p = 0.22). On Days 2, 13 and 27, 
however, the algal communities among the three treatments differed 
significantly (R = 0.0707, 0.794 and 0.923, respectively; p < 0.01 for all 
between-treatment pairwise tests). At the end of the experiment, the 
ungrazed control tiles were GFI-dominated, S. sphaeroides-grazed tiles were 
TILE-dominated, while the algal communities on T. maculatus-grazed tiles 
were more evenly distributed (Fig. 4.1; Fig 4.2). Two days into the 
experiment, tiles grazed by S. sphaeroides were nearly devoid of GFI (0.3%) 
(Fig. 4.3a), while the proportion of GFI on tiles grazed by T. maculatus had 
decreased from 34% to 12% (Fig. 4.3b). RCO on S. sphaeroides-grazed tiles 
declined from 22% to 8% between Day 0 and Day 2 (Fig. 4.3a), but remained 
similar on T. maculatus-grazed tiles (23% and 25% on Day 0 and 2 
respectively) (Fig. 4.3b). TURF cover increased on the S. sphaeroides-grazed 
tiles with the reduction in GFI and RCO (Fig. 4.3a), as BFO increased slightly 
from 6% to 11%. Algal communities on the control tiles were not significantly 
different between Day 0 and Day 2 (Fig. 4.3c). 





Figure 4.1.  Non-metric multidimensional scaling plot of algal communities on control 
tiles (C) and tiles grazed by Salmacis sphaeroides (S) and Trochus maculatus (T) 
over 4 weeks. (BFO = brown foliose algae, RCO = red corticated algae, GFI = green 




Figure 4.2. Algal communities on terracotta tiles before and after 27 days of grazing 
by Salmacis sphaeroides (a,d), Trochus maculatus (b,e) and in the control treatment 






























































































By Day 13, tiles grazed by both herbivores differed from each other due to the 
proportions of GFI and RCO (Fig. 4.3a, b). RCO was completely removed 
from S. sphaeroides-grazed tiles and TILE increased to 45% (Fig. 4.3a). On 
T. maculatus-grazed tiles, GFI decreased to 0.7% with a corresponding 
increase in TILE (35%), while RCO remained relatively constant (21%) (Fig. 
4.2b). Highly dissimilar to herbivore-grazed tiles, more than half of the tile 
area for the controls was covered by GFI (52%), while TILE had declined 
markedly (0.1%) (Fig. 4.3c). By Day 27 (Fig. 4.3), the algal cover on S. 
sphaeroides- grazed tiles sharply declined, and TILE dominated at 72%. The 
algal community on T. maculatus-grazed tiles was similar to that on Day 13 
with slight changes in BFO (13% to 14%), RCO (21% to 26%) and TILE (35% 
to 33%). The final proportion of GFI on control tiles was 68%, resulting in an 
algal community highly dissimilar from the herbivore-grazed tiles. 





Figure 4.3.  Change in percentage composition of algal communities on tiles grazed 
by Salmacis sphaeroides (a), Trochus maculatus (b) and control tiles (c) over 4 
weeks. (BFO = brown foliose algae, RCO = red corticated algae, GFI = green 
filamentous algae, TURF = green turf algae, CCA) 
 
Algal consumption rates of Salmacis sphaeroides and Trochus 
maculatus -  The corrected mean consumption rates of S. sphaeroides over 
24 hours (Fig. 4.4) were significantly different among the three species of 
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consumption rates of H. spinella (2.64 ± 0.26 g day-1) and B. corymbosa (2.01 
±  0.25 g day-1) were not significant, but were both significantly higher than L. 
variegata (1.22 ±  0.15 g day-1). The corrected mean consumption rates (± 
SE) of T. maculatus for the three algae species also differed significantly (F2.15 
= 8.98, p < 0.05), with more B. corymbosa consumed (0.83 ±  0.16 g day-1) 




Figure 4.4. Corrected mean consumption rates (±  S.E.) of Hypnea spinella, Bryopsis 
corymbosa and Lobophora variegata by Salmacis sphaeroides and Trochus 
maculatus. Combinations sharing a letter (a, b, c, d) differ significantly in consumption 
rates at p = 0.05.  
 
Dietary preference of Salmacis sphaeroides - The dietary preferences of 
S. sphaeroides varied according to the choices of algae offered (Table 4.1). 
When S. sphaeroides was presented with L. variegata and B. corymbosa, it 
did not prefer an algal species more than the other (t12 = - 0.31, p = 0.765) 
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and 1.60 ± 0.61 g day-1 respectively. However, S. sphaeroides preferred H. 
spinella over B. corymbosa (t12 = 3.24, p < 0.01) and the corrected mean 
consumption rates (± S.D.) were 2.76 ± 0.24 g day-1 and 1.30 ± 0.59 g day-1 
respectively. S. sphaeroides also preferred H. spinella over L. variegata (t12 = 
4.81, p < 0.001), with corrected mean consumption rates (± S.D.) of 2.50 ± 
0.40 g day-1 and 0.37 ± 0.29 g day-1 respectively. 
 
Table 4.1. Proportion of consumption rates for single-diet and choice experiments, for 
all pairwise algal combinations presented to Salmacis sphaeroides over 24 h. RA/B 
and Rʼ A=B are the proportions of consumption rates between Algae A and B, in the 
single-diet experiment and choice experiment respectively. 
 
Combination  !!/!  !!/!!   p a 












spinella  0.599 0.046  0.166 0.015  ** 
a p values presented here are the results of a t-test between !!/!and !!/!! after Geary-Hinkley 
transformation (n.s. = not significant; * = p < 0.01; ** = p < 0.001) 
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4.3.2. Introduction of Trochus maculatus and Salmacis sphaeroides improves 
the health of Pocillopora damicornis juveniles in ex situ coral mariculture 
Growth and survivorship of juvenile P. damicornis - Survivorship of the 
corals after 24 weeks in the T. maculatus and S. sphaeroides treatments and 
control was 68.8%, 87.7% and 75%. The mean ecological volume of the 
corals in both grazer treatments increased steadily while those in the control 
were fairly constant throughout the experiment (Fig. 4.5). The final volumes 
were 11913 ± 2644 mm3  (mean ± S.E.; 24 ± 0.7 mm diameter), 14104 ± 2955 
mm3 (25.1 ± 0.9 mm diameter) and 1924 ± 620 mm3 (12.2 ± 1.0 mm diameter) 
for the corals in the T. maculatus treatment, S. sphaeroides treatment and the 
control. The ecological volumes differed significantly among treatments (F2,9 = 
7.82, p = 0.011), and post hoc tests indicated that the mean volume in the 
control group was significantly lower than from the T. maculatus (p = 0.034) 
and S. sphaeroides (p = 0.012) treatments, but that between the grazer 
treatments was not significantly different (p = 0.787).  
 
The mean weekly growth rates of the corals differed significantly among 
treatments (F2,9  = 5.85, p = 0.024). The mean growth rate of juvenile corals in 
the S. sphaeroides treatment was 482 ± 138 mm3 week−1 (mean ± S.E.; 0.5 ± 
0.04 mm week−1), which was significantly faster than those in tanks with T. 
maculatus (308 ± 77 mm3 week−1; 0.46 ± 0.02 mm week−1) and the control (43 
± 19 mm3 week−1; 0.03 ± 0.03 mm week−1). The differences in the coral 
growth rates between the T. maculatus treatments and control were not 
significant (p = 0.401). The colony sizes in the control, T. maculatus and S. 
sphaeroides increased by 2.5, 11 and 9.9 times (k = 0.9, 2.5, 2.4) respectively 
(Table 4.2). 






Figure 4.5. Mean ecological volumes of juvenile Pocillopora damicornis colonies co-
reared with (Trochus maculatus, Salmacis sphaeroides) and without (control) grazers. 




Table 4.2. Growth rates (± S.E.) of Pocillopora damicornis juveniles in the control 
(grazers absent), Trochus maculatus and Salmacis sphaeroides treatments after 24 
weeks (96 days). 
 
Treatment Weeks Measurements  Size augmentation (×)  Growth rates 






Diameter  Height Ecological 
volume 
Control 0 11.9 ± 0.2 7.75 ± 0.6 1.0 ± 0.1  1.1 ± 0.1 1.8 ± 0.1 2.5 ± 0.3  0.9 
24 12.2 ± 1.0 13 ± 0.5 1.9 ± 0.6 
Trochus 
maculatus 
0 12.6 ± 0.5 7.4 ± 0.2 1.0 ± 0.7  1.8 ± 0.1 2.9 ± 0.1 11.0 ± 0.8  2.5 
24 24.0 ± 0.7 20.7 ± 0.3 11.9 ± 2.6 
Salmacis 
sphaeroides 
0 12.9 ± 0.8 8.8 ± 0.2 1.2 ± 0.8  1.9 ± 0.1 2.5 ± 0.1 9.9 ± 1.0  2.4 
24 25.1 ± 0.9 22.7 ± 0.6 14.1 ± 3.0 
 
Colony colour and tissue lesion scores of juvenile P. damicornis - The 
mean colony colour scores of the corals co-reared with T. maculatus and S. 
sphaeroides did not vary throughout the experimental period; ranging from 
4.56 to 5.06 and from 4.58 to 5.10 respectively (Fig. 4.6a). In contrast, mean 
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decreased to 2.69 ± 0.28 (mean ± S.E.) by the 24th week. At the end of the 
experiment, colony colour scores differed significantly among treatments (F2,9  
= 8.24, p = 0.009). Corals in the control group had significantly lower scores 
than those in the T. maculatus (p = 0.016) and S. sphaeroides (p = 0.017) 
treatments, but there were no significant differences between the two grazer 
treatments (p = 0.9). 
 
Corals in the T. maculatus and S. sphaeroides treatments had final mean 
tissue lesion scores of 1.40 ± 0.26 (mean ± S.E.) and 0.65 ± 0.29, 
respectively (Fig. 4.6b), while that of the control was 2.27 ± 0.21. The lesion 
scores differed significantly between treatments (F2,9  = 10.311, p = 0.005), 
with the corals in the control having significantly higher scores than those in 
the S. sphaeroides (p = 0.004) treatment but not in the T.maculatus treatment 
(p = 0.086). There were no significant differences between the grazer 
treatments (p = 0.146). 
 
 
Figure 4.6. Mean colour scores (a) and mean coral tissue lesion scores (b) of juvenile 
Pocillopora damicornis colonies co-reared with (Trochus maculatus and Salmacis 



































Time (weeks) Time (weeks)
Control (grazers absent) Trochus maculatus present Salmacis sphaeroides present
A B




Biomass and composition of fouling algal community -  Differences in the 
mean algal cover of the empty plugs were apparent by the fourth week (Fig. 
4.7). The algal cover on the plugs in the control group increased to 78.8% and 
remained constant throughout the experiment. The algal cover on the plugs in 
the T. maculatus treatment group decreased gradually to 57.4%, while those 
in the S. sphaeroides treatment group markedly decreased to 10.4% after 
four weeks before increasing to 37.5% at the end of the experiment. 
 
Figure 4.7. Mean percentage algal cover on plugs in tanks with (Trochus maculatus 
and Salmacis sphaeroides) and without (control) grazers. Error bars represent S.E. 
 
 
At the end of the experiment, the algal cover on the plugs exposed to S. 
sphaeroides, T. maculatus and control was 37.5%, 57.4% and 78.8%, 
respectively and no BFO was detected on any of the plugs (Fig. 4.8). The 
proportion of GFI on the control plugs increased by 41%, while CCA and TILE 
decreased by 32% and 9%, respectively. GFI on plugs in the S. sphaeroides 
Control (grazers absent) Salmacis sphaeroides presentTrochus maculatus present
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treatment decreased by 35% till week 12 but increased thereafter, while CCA 
decreased by 25% and TILE increased by 36%. In the T. maculatus 
treatment, GFI and CCA decreased by 10% and 15%, respectively, while 
TILE increased by 20%. Only on the plugs in the T. maculatus treatment was 




Figure 4.8. Mean percentage algal composition on cement plugs in tanks with 
(Trochus maculatus and Salmacis sphaeroides) and without (control) grazers at three 
representative time points (weeks 0, 12 and 24). RCO = red corticated algae, GFI = 
green filamentous algae, CCA = crustose coralline algae, TILE = bare tile surfaces. 
 
 
The biomass of fouling algae differed across treatments (F2,9  = 21.315, p < 
0.001). The mean algal biomass on the control plugs was significantly higher 
(71.9 ± 6.97 mg, mean ± SE) than those in the T. maculatus (27.3 ± 8.14 mg, 
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p = 0.003) and S. sphaeroides (13.9 ± 3.85 mg, p < 0.001) treatments. There 
were no significant differences between the grazer treatments (p = 0.362). 




Algal fouling poses detrimental effects on cultured organisms and is costly to 
overcome in mariculture (see review by Fitridge et al. 2012), yet the high 
economic value associated with the mariculture industry renders the search 
for cost-efficient fouling control methods even more pertinent. In coral 
mariculture, the propagation of hard corals for the purposes of reef restoration 
and the aquarium trade can be hindered via a variety of algal-mediated 
physical, chemical and biological mechanisms (Jompa and McCook 2003; 
Smith et al. 2006; Rasher et al. 2011). These challenges are compounded in 
the rearing of juvenile corals which are extremely susceptible to mortality from 
a broad range of disturbances. The results from this study thus underscore 
the importance of understanding the dietary habits of grazers if they are to be 
employed as efficient biological controls in ex situ mariculture facilities, and 
emphasized the effectiveness of deploying grazers to simultaneously limit the 
proliferation of fouling algae and improve the ex situ mariculture of juvenile 
corals. 
 
Herbivorous grazers are instrumental in shaping the community structure of 
algal assemblages in the natural environment (Sammarco 1983; Hixon & 
Brostoff 1996; Burkepile & Hay 2006; Bonaldo & Bellwood 2011). The results 
from the first part of this study showed that herbivory can also modify fouling 
algal communities in an ex situ setting. Trochus maculatus and S. 
sphaeroides were able to reduce the overall amount of algae on terracotta 
tiles which they had been introduced to, but the resultant macroalgal 
communities varied depending on the choice of the grazer. The depletion of 
GFI and reduction in TURF, along with the corresponding increase in the 
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proportion of TILE and other algal functional groups on T. maculatus-grazed 
tiles corroborated with results from other studies on the feeding habits of the 
Trochus spp. gastropods, where individuals co-cultured with giant clams 
(Clarke et al. 2003) or in the aquarium trade (Venkatesan 2010) were more 
effective at reducing filamentous algae than other algal forms. In contrast, S. 
sphaeroides appeared to have a less specific diet, removing green 
filamentous and red corticated forms within 7 days. Only upon the elimination 
of GFI and RCO did BFO gradually decrease. The proportion of CCA on S. 
sphaeroides-grazed tiles which hovered between 6% and 16% was consistent 
with other studies which describe the ability of urchins to ultimately maintain 
the cover of CCA in grazed areas (Ayling 1981; Fletcher 1987). These 
findings are analogous to the observations of spatial reversal of macroalgal 
abundance in coral reefs, from a stable state dominated by crustose coralline 
algae to that of filamentous and foliose macroalgae, after a series of mass 
urchin mortalities (Schiebling 1986; Hughes et al. 1987).  
 
In the single-diet and choice experiments, the rates of algal consumption 
differed for T. maculatus and S. sphaeroides. Trochus maculatus consumed 
significantly more B. corymbosa than H. spinella and L. variegata. The 
extremely low consumption rates for L. variegata by T. maculatus were 
expected as the presence of phenolic and lipophilic compounds in the brown 
algae generally render it unpalatable to marine gastropods (Steinberg 1988; 
Steinberg & Paul 1990). Although H. spinella is valued for its high nutritional 
content, ease of handling, and commonly used as feed in mariculture (Viera 
et al. 2005), T. maculatus grazed relatively little of this algae species. 
Bryopsis corymbosa, on the other hand, may contain secondary metabolites 
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as is the case with its congenerics, but which do not deter grazers adequately 
as well (Paul et al. 1990). The stark preference of T. maculatus for B. 
corymbosa over H. spinella and L. variegata was thus likely attributable to the 
gastropodʼs rhipidoglossan radula – the feeding apparatus of all 
archaeogastropods which works more efficiently on algae with softer thalli 
(Steneck & Watling 1982; Lambrinidis et al. 1997). It follows then, that 
corticated H. spinella and leathery L. variegata, which are structurally tougher 
and have additional levels of grazing difficulty for archaeogastropods 
(Steneck & Watling 1982; Padilla 1985), were consumed to a lesser extent. 
 
In line with the generalist feeding habits of S. sphaeroides (Klumpp et al. 
1993; Tsuchiya et al. 2009), the results also showed that all three species of 
algae were fairly palatable to S. sphaeroides, and their morphological and 
chemical defences appeared insufficient to deter grazing by S. sphaeroides 
(Steinberg 1986; Coen & Tanner 1989; Paul et al. 1990; Granado & Caballero 
2001). The difference in consumption rates of the algae (H. spinella > B. 
corymbosa > L. variegata) in the single-diet experiment may be attributed to 
the higher organic content per unit weight (dry weight/fresh weight) of L. 
variegata than H. spinella and B. corymbosa (unpublished data). The urchin 
may thus require less of L. variegata compared with the other two species in 
its diet. When presented with a choice of food, however, S. sphaeroides 
displayed significant preferences for H. spinella over L. variegata and B. 
corymbosa, as H. spinella is highly nutritious and palatable, with high protein 
content and low levels of phenolic metabolites (Granado & Caballero 2001; 
Viera et al. 2005). The possibility exists that S. sphaeroides, like other urchins 
also feeds preferentially to enhance fitness (Vadas 1977; Lemire & 
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Himmelman 1996). Although it consumed more B. corymbosa than L. 
variegata in the single-diet experiment, the lack of preference for one alga 
over the other in the choice experiment suggests that it feeds on non-
preferred algae to survive when the preferred foods are scarce.  
 
Both grazers were able to remove fast-growing algae that can blanket culture 
systems and smother other organisms, albeit with varying efficacies. The 
present study has refined the use of Trochus spp. gastropods as biological 
controls by quantifying the effects of T. maculatus on surfaces fouled by 
macroalgal communities and examining the ability of the gastropod to 
consume specific algal types. Trochus maculatusʻs grazing efficiency was 
reinforced by its strict dietary preference of filamentous algae. This showed 
that T. maculatus would be more useful in controlling the proliferation of 
filamentous green algae than other algae types in mariculture systems. The 
feasibility of deploying S. sphaeroides as a biological control in inland 
mariculture facilities was also highlighted. Its preference for green filamentous 
and red corticated algae was evident from the rate at which it eradicated 
these fast-growing algal forms, effectively controlling the algal community on 
the substrates. It was noteworthy that its voracious appetite also extended to 
brown foliose algae such as L. variegata, which is usually unpalatable to other 
herbivores (Steinberg & Paul 1990). There is general receptivity to the 
presence of CCA in culture tanks as they can increase the settlement and 
metamorphosis of various marine larvae (Morse & Hooker 1979; Morse et al. 
1996) and inhibit the growth of other algae without the presence of herbivores 
(Johnson & Mann 1986). As tiles grazed by S. sphaeroides and T. maculatus 
have relatively stable proportions of CCA, it appears that employing these 
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grazers in inland mariculture facilities can also facilitate the maintenance and 
proliferation of CCA, thus benefiting the cultured organisms.  
 
Juvenile coral growth can potentially be retarded by mechanisms such as 
shading, abrasion, sediment-trapping and allelopathy (Babcock & Mundy 
1996; Box & Mumby 2007; Venera-Ponton et al., 2011), thus it is vital to limit 
the proximity of macroalgae to young scleractinians to augment coral 
development. In the second part of this study, a reduction in macroalgal cover 
and biomass promoted the development of the P. damicornis juveniles. This 
is evident as even though P. damicornis colonies across all treatments grew 
over six months, juvenile corals in tanks with grazers showed significantly 
faster growth rates (seven- to eleven-fold) and larger colony sizes (six- to 
seven-fold) compared to those without. The consistently high macroalgal 
cover (approximately 66% to 79%) on the plugs in the control group 
significantly compromised the growth of juvenile corals, thus limiting their 
mean ecological volumes to not more than 2000 mm3. These observations 
were similar to those reported by Sammarco (1980). Therefore, the grazing 
activities of S. sphaeroides and T. maculatus functioned to diminish the 
growth limiting effects of fouling macroalgae on P. damicornis juveniles. 
These results are also significant in contributing to the existing knowledge of 
growth patterns in juvenile P. damicornis, which thus far has focused more on 
post-transplantation growth rates (e.g. Sato 1985; Raymundo & Maypa 2004) 
rather than on development in inland mariculture systems. 
 
While juvenile Pocillopora colonies are known to succumb to fish grazing 
activity (Christiansen et al. 2009; Penin et al. 2010), the influence of grazing 
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S. sphaeroides and T. maculatus on juvenile P. damicornis survivorship was 
not discernible, as corals in the control tanks had survivorship similar to that 
in tanks with grazers. However, for the corals in the grazer treatments, the 
mean colour scores were significantly higher and the lesion scores were 
lower than those in the control. Collectively, the results suggest that although 
some juvenile P. damicornis colonies were damaged, the corals had attained 
a size refuge which helped to minimize the effects of incidental grazing by S. 
sphaeroides and T. maculatus, and that coral injury and mortality were thus 
more likely to have stemmed from macroalgal presence. More importantly, S. 
sphaeroides and T. maculatus functioned as pest-specific biocontrols which 
contributed little or no damage to the target cultured organisms. 
 
In the absence of herbivory, the control plugs were almost entirely covered by 
primarily green filamentous algae (76.3%). In contrast, algal cover on the 
plugs exposed to S. sphaeroides was maintained at a low level (37.5%) and 
dominated by bare tile surfaces. Congruent to the results highlighted in the 
first part of the study, S. sphaeroides demonstrated its effectiveness in 
curbing algal proliferation, and was able to influence the algal community 
even over an extended duration of 24 weeks. Although T. maculatus was able 
to reduce much of the green filamentous algae, the proportion of red 
corticated algae appeared to be increasing towards the end of the 
experiment, thus these plugs had greater overall algal cover (57%) than those 
exposed to S. sphaeroides. Taken together, these results suggest that T. 
maculatus is less capable of controlling algal growth than S. sphaeroides, 
over extended culture period. Nevertheless, this level of herbivory was still 
higher than the values reported by Villanueva et al. (2010), and indicated that 
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with a low attrition rate, Trochus gastropods can effectively reduce fouling 
algae to benefit coral propagation. The findings are even more striking when 
compared alongside the data for algal biomass, which on the control plugs 
was three to five times greater than on the plugs exposed to S. sphaeroides 
and T. maculatus, demonstrating that the grazers were capable of reducing 
both algal cover as well as biomass to the effect of minimizing any negative 
impacts of algae origin on the juvenile corals. Further control of fouling 
macroalgae can be achieved by increasing the number of grazers and 
determining the optimal level of grazer-to-coral densities to ensure maximum 
coral growth and survivorship (Sammarco 1980). 
 
The economic viability and the ease of maintaining the biological controls are 
also important considerations to ensure the sustainability of the culture effort. 
The economic benefits of introducing biocontrols in aquaculture, such as 
reduction in labour and operational costs, should outweigh the costs of 
maintaining the biocontrols. Both S. sphaeroides and T. maculatus can be 
easily harvested from intertidal rocky shores and seagrass beds, and the 
organisms exhibited high survival rates throughout this experiment (100% and 
98% respectively). Additionally, although the effort required to collect 
T.maculatus was 6 h, this translated to a monthly reduction of approximately 
13 h of maintenance for each 1 m3 tank (Toh, unpublished data). Furthermore, 
with the development of numerous methods for establishing and maintaining 
ex situ cultures of top shell gastropods and sea urchins (Clarke et al. 2003; 
Helsinga & Hillmann 1981; Hinegardner 1969; Juinio-Menez et al. 1998), the 
ease of establishing the rearing of biocontrols for ex situ coral propagation is 
likely to be improved.  




Clearly, the dietary habits of grazers can shape algal assemblages in inland 
mariculture facilities, but due consideration of their suitability as biological 
controls should be given prior to deploying them. It was also demonstrated 
that the use of biocontrols to limit the proliferation of fouling algal communities 
is an important component in ex situ coral mariculture. The introduction of S. 
sphaeroides and T. maculatus improved the growth and health of the juvenile 
P. damicornis corals, and the grazers were also able to control the 
proliferation of the fouling macroalgae community effectively. Additionally, the 
introduction of these grazers can potentially reduce maintenance costs and 
improve the cost-effectiveness of establishing large-scale coral cultures. 
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CHAPTER 5. HETEROTROPHY IN THE RECRUITS OF THE 
SCLERACTINIAN CORAL POCILLOPORA DAMICORNIS 7,8,9 
5.1. Introduction 
The global decline of coral reefs and the loss of associated ecological 
services have necessitated immediate intervention measures to slow or to 
reverse their further deterioration (Bridge et al. 2013; Graham et al. 2013). 
Active coral reef restoration initiatives have increasingly been incorporated 
into coastal management frameworks to supplement existing measures of 
rehabilitating impacted reefs (Rinkevich 1995; Edwards 2010). Of the myriad  
techniques which have been developed, coral transplantation remains one of 
the most widely used, largely due to its ability to promote rapid colonization of 
the reefs and its ease of application (Rinkevich 1995; Edwards & Clark 1998). 
The potential for generating large quantities of coral material via the “coral 
gardening” approach (Shafir et al. 2006) for eventual transplantation to 
degraded reefs has led to a greater emphasis on coral mariculture 
techniques. Asexual propagation techniques such as fragmentation allow 
coral material to be generated easily (Rinkevich 1995), but the drawbacks of 
this approach include a lack of genetic diversity of the clonal fragments and 
susceptibility of the donor colonies to stress arising from the fragmentation 
process, hence impeding large-scale production (Yap et al. 1998; Shearer et 
                                                
7 Part of this chapter has been published as Toh TC, Peh JWK, Chou LM (2013). Early onset 
of heterotrophy in equatorial reef recruits. Marine Biodiversity 43(3): 177-178. 
 
8 Part of this chapter has been published as Toh TC, Peh JWK, Chou LM (2013). Heterotrophy 
in recruits of the scleractinian coral Pocillopora damicornis. Marine and Freshwater Behaviour 
and Physiology 46(5): 313-320. 
 
9 Part of this chapter has been published as Toh TC, Ng CSL, Peh JWK, Toh KB, Chou LM 
(2014). Augmenting post-transplantation growth and survivorship of scleractinian coral 
juveniles via nutrition enhancement. PLoSONE 9(6): e98529. 
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al. 2009). Recent developments have enabled the use of sexually derived 
coral juveniles as material for transplantation on degraded reefs (Omori et al. 
2008; Villanueva et al. 2012). The high fecundity of scleractinian corals 
ensures that large numbers of genetically diverse coral propagules are 
generated. While direct artificial seeding of coral larvae onto reefs can 
enhance initial recruitment (Heyward et al. 2002), early post-settlement 
mortality of the recruits is exceedingly high due to predation and competition 
by fouling communites (Guest et al. 2010).  
 
The use of ex situ coral mariculture in reef restoration can, however, improve 
coral post-settlement survivorship. The rearing conditions can be carefully 
monitored and regulated to minimize the impacts of disturbances from fouling 
communities, temperature fluctuations and predator infestations by allowing 
the timely introduction of mitigative measures (Forsman et al. 2006). In spite 
of these benefits, the cost of setting up and operating ex situ mariculture 
facilities can be very high (Edwards 2010). For instance, the cost of 
maintaining juvenile coral culture in the Philippines for six months constitutes 
42.9% of the total project expenditure (Villanueva et al. 2012) and this 
inevitably increases with labour costs (Nakamura et al. 2011). Unfortunately, 
such detailed financial estimates are rarely reported in the existing scientific 
literature due to the complexities involved and the rigorous efforts required to 
provide a reliable estimate. Cost-effectiveness analyses of cost-per-coral 
reveal clearly that as mortality rate increases, so does the cost of each colony 
(Edwards 2010). Given that the highest mortality rates occur during the early 
developmental phases of the coral life cycle (Guest et al. 2010), augmenting 
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the survivorship of juvenile corals would improve cost-effectiveness and 
increase the availability of source material for transplantation.  
 
Size is an important determinant of survivorship in scleractinian corals and 
thus affects the rate of establishment of coral transplants on degraded reefs 
(Raymundo & Maypa 2004). Smaller colonies tend to be more vulnerable 
since the refuge size required for surviving injuries arising from predation and 
incidental grazing is not yet attained (Wood 1993). Increasing coral colony 
size prior to transplantation is thus advantageous for enhancing post-
transplantation growth, survivorship and promoting sexual maturity – factors 
which are essential for the maintenance of a viable coral community (Hughes 
1984; Raymundo & Maypa 2004; Baria et al. 2012).  
 
Scleractinian corals exhibit substantial inter- and intra-specific variablities in 
growth rates (Bak & Engel 1979; Hughes 1984), and one potential approach 
to promoting rapid colony growth is to facilitate colony fusion (Raymundo & 
Maypa 2004). However tissue resorption and somatic germ-cell parasitism 
may instead retard colony growth (see Buss 1982, Rinkevich & Weissman 
1992, Pancer et al. 1995). Another strategy involves enhancing the 
autotrophic and heterotrophic modes of coral nutrition by adjusting the 
conditions in ex situ mariculture prior to transplantation. Various studies have 
demonstrated that photosynthetic and feeding rates can be increased by the 
manipulation of light intensity, flow rate and nutrient levels (Sebens et al. 
1997; Marubini et al. 2001; Hii et al. 2009). Although information on the 
effects of these manipulations on long-term coral growth rates is limited, the 
effects of nutritional enhancement are remarkably consistent for coral species 
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from the families Faviidae, Acroporidae and Pocilloporidae. Compared to non-
live feeds, live feeds were particularly useful for inducing faster coral growth 
(Petersen et al. 2008), as were increments in ex situ feeding densities 
(Ferrier-Pagès et al. 2003; Petersen et al. 2008). Promoting heterotrophic 
feeding via nutritional enhancement in the early stages should be explored as 
this would assist coral juveniles in attaining a size refuge as early as possible.  
 
Heterotrophic feeding supplements the energy provided by the photosynthetic 
activity of symbiotic zooxanthellae in scleractinian corals. While autotrophy 
supplies corals with organic carbon, heterotrophy provides them with 
alternative sources of carbon and inorganic nutrients such as nitrogen and 
phosphorus, which can be utilized by both the coral and zooxanthellae (see 
review by Houlbrèque & Ferrier-Pagès 2009). This enhances tissue growth, 
skeletal calcification rate, and lipid storage in corals, which are essential for 
their growth and survival (Ferrier-Pagès et al. 2003; Petersen et al. 2008 ; 
Treignier et al. 2008). Additionally, corals can compensate for the decrease in 
photosynthetic activity experienced during disturbances such as bleaching 
events or high sedimentation loads, both by increasing feeding rate and 
utilizing the lipid reserves (Grottoli et al. 2004). 
 
Scleractinian corals are capable of feeding on a range of food sources 
including dissolved organic matter, suspended particulate matter, and 
zooplankton (Sorokin 1973; Anthony 1999; Ferrier-Pagès et al. 2003). The 
predominant feeding mechanism utilized by corals is via the use of tentacles 
(Lewis & Price 1975). Upon contact, the nematocysts in the cnidocytes of the 
coral tentacles are able to immobilize the prey, while the tentacles contract 
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and fold rapidly towards the polyp, depositing the prey directly into the mouth 
or onto the mucus around the oral disk. The second method of prey capture 
occurs through the secretion of mucus by the oral cavity and the epidermis of 
the oral disk (Lewis & Price 1975). These mucus filaments function as filters 
to entrap suspended food particles of a wide size range and periodically 
transported into the mouth, along with the entangled particulate matter. The 
third method utilizes the extrusion of coral mesenterial filaments to facilitate 
extra-coelenteric digestion of large food particles deposited on the oral disks, 
but this has only been observed in the families Faviidae and Mussidae (Lewis 
& Price 1975). Although scleractinian coral feeding mechanisms and 
strategies were well established by the 1970s, these observations have 
largely been on adult corals and there are limited studies examining 
heterotrophy in juvenile corals and recruits (Cumbo et al. 2012). Key 
questions such as the onset of heterotrophy and feeding strategies utilized by 
coral recruits remain unanswered and cannot be established purely based on 
observations of adult colonies. 
 
In the first of this two-part study, the onset of zooplankton feeding and 
ingestion rates in Pocillopora damicornis  recruits, as well as the associated 
feeding mechanisms were documented. In the second part of the study, the 
aim was to evaluate the feasibility of nutritional enhancement as a strategy to 
improve the growth and survivorship of juveniles of the scleractinian coral 
Pocillopora damicornis. It was hypothesized that the growth and survivorship 
of fed corals would be augmented both during the ex situ mariculture phase 
and after transplantation to the reef. To assess the economic viability of this 
approach for both coral mariculture and reef restoration efforts, the cost 
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estimate was calculated and the cost-effectiveness of ex situ nutritional 
enhancement was examined. 
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5.2. Materials and methods 
 
5.2.1. Examining heterotrophic feeding in juvenile Pocillopora damicornis 
corals 
Planulae collection and settlement - The donor colonies of P. damicornis 
were collected from the fringing reef off Kusu Island (1°13′25′′N, 
103°51′38′′E), Singapore, two to seven days before the new moon of 
October and November 2012. Only colonies of at least 20 cm in diameter 
were collected to ensure that they were sexually mature (Harrison & Wallace 
1990). The donor colonies were subsequently maintained in aerated outdoor 
aquaria with flow-through seawater (190 cm x 100 cm x 40 cm) in the Tropical 
Marine Science Institute (TMSI) on St. Johnʼs Island (1°13′44′′N, 
103°50′73′′E). 
 
One to two days before the new moon, all the P. damicornis donor colonies 
were transferred and isolated in polyethylene tanks (45 cm x  30 cm x 30 cm) 
with flow-through seawater for planulae collection. Each tank was filled with 
approximately 8 cm of sand, and 20 biologically conditioned ceramic tiles (2.3 
cm x 2.3 cm) were inserted into the sand exposing only the top surfaces to 
promote planulae settlement. Planulation occurred between 2 and 10 days 
after the new moon and the planulae were observed to settle within 24 h after 
release. Each tile was then checked daily for newly settled coral recruits and 
the tiles were removed from the planulation tanks to prevent settlement of 
new planulae. Only tiles with more than five recruits were used and the 
selected tiles were tagged to determine the age of the corals. 
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Quantification of onset of heterotrophic feeding -  To examine the 
capacity of coral recruits to engage in heterotrophy, independent tiles with 
recruits of age 1–10 days post-settlement were used and no tiles were reused 
throughout the experiment. Live one-day-old Artemia salina nauplii were used 
as the prey item and the heterotrophic feeding was measured by the ability of 
a recruit to fully ingest the nauplii into the polyp. One tile with recruits from 
each donor colony (n = 5) was randomly selected and placed in six-well 
culture plates. The wells were first filled with 3 ml of filtered seawater and the 
coral recruits were acclimatized for 10 min, before Artemia nauplii was added 
to make up densities of 3600 nauplii L−1  (Petersen et al. 2008 ) in 6 ml of 
seawater. The proportion of coral recruits on each tile that was capable of 
heterotrophic feeding was recorded under a stereomicroscope (Nikon, Japan) 
at 10 min intervals for 2 h and the results were correlated to the age of the 
coral recruits. 
 
Determination of ingestion rates and feeding mechanisms - To quantify 
the ingestion rate of P. damicornis  recruits, a second experiment was 
conducted using independent tiles with recruits of age 1– 10 days post- 
settlement and no tiles were reused throughout the experiment. The methods 
were similar to those mentioned above and the coral recruits on each tile 
were observed for signs of heterotrophy immediately after the introduction of 
Artemia  nauplii (n = 5). Recruits which ingested the prey were observed for 1 
h, during which the maximum number of prey ingested and the time taken to 
ingest each prey were recorded. Photomicrographs (Olympus, Japan) were 
also taken during feeding to examine the feeding mechanisms utilized by the 
coral recruits. 




5.2.2. Examining the effects of nutritional enhancement on juvenile 
Pocillopora damicornis corals 
Planulae collection and settlement – The methods for coral planulae 
collection was identical to that used in part one of this study. However, 
biologically conditioned ʻplugsʼ, made of plastic wall plugs embedded in 
cement hemispheres (40 mm diameter), were fabricated and used as 
settlement substrates instead. These allowed the P. damicornis recruits to be 
handled easily and facilitated their eventual transplantation onto the reef. The 
conditioned plugs were inserted into the sand within the polyethylene tanks, 
leaving only their hemispherical surfaces exposed for planulae settlement. 
Each plug was monitored daily for newly settled recruits, and plugs with at 
least three recruits were removed from the tank and maintained in the outdoor 
aquaria. All the colonies planulated within one to six days after the new moon, 
and the planulae were observed to settle within a day after planulation.  
 
Feeding regime in ex situ coral nursery - A total of 288 plugs with live 
juvenile corals were used. On each plug, one primary polyp which had settled 
at least 10 mm away from the rest of the recruits was identified, measured 
and tagged by mapping the coralʼs position on the plug. This served to reduce 
the chances of colony fusion which would affect growth rates (Raymundo & 
Maypa 2004). The plugs were randomly assigned among 16 holding tanks, 
each tank corresponding to one of the four feeding densities (0, 600, 1800 
and 3600 nauplii L-1 following Petersen et al. (2008); n = 4 tanks). In each 
replicate tank, 18 plugs spaced 5 cm apart were secured on an elevated PVC 
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frame. All plugs were maintained in the outdoor aquaria for one week before 
the start of the feeding regime (Petersen et al. 2008). 
 
The juvenile corals were fed with cultured day-old Artemia salina nauplii 
(approximately 400 µm; Bio-Marine Inc., California, U.S.A.), wherein each 
nauplius provided around 9.77 μcal (Benijts et al. 1976), for 4 hours (between 
12:00 to 16:00) twice every week for 24 weeks (from August 2012 to February 
2013). During each feeding session, all the plugs were transferred to 10 L 
polyethylene feeding tanks containing 6 L of filtered sea water with gentle 
aeration. The corresponding volume of nauplii stock solution was added to 
make up the required densities for each treatment tank. The positions of the 
feeding tanks were randomised during each feeding session to minimize 
potential spatial influences on heterotrophic rates. After feeding, the plugs 
were gently flushed with filtered seawater to remove any remaining nauplii 
and transferred back to the holding tanks in the outdoor aquaria. Fouling 
macroalgae were physically removed twice a week as these would otherwise 
rapidly overgrow the coral juveniles and compromise colony health.  
 
The survivorship and growth – length (l), width (w) and height (h) – of the 18 
tagged coral juveniles in each replicate tank were measured using vernier 
calipers every four weeks and the ecological volume of each coral was 
estimated following the calculation for right cylindrical volumes using V = πr2h, 
where r = (l + w)/4 (Levy et al. 2010). Weekly radial and volumetric growth 
were calculated by dividing the respective differences in colony radii and 
ecological volumes at the start of the ex situ feeding regime and at the end of 
the ex situ feeding regime (24 weeks). The data obtained for all the surviving 
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corals in each replicate tank was then averaged. The mean daily temperature 
and light irradiance (Onset Computer Corporation Inc., Massachusetts, 
U.S.A.) in the aquaria were 29 ± 0.01°C (n = 168 days) and 128.7 ± 18.1 Lux 
(n = 168 days) respectively. 
 
Transplantation and monitoring - After 24 weeks, eight plugs with live 
corals were randomly selected from each treatment holding tank to be 
transplanted back to the donor reef at Kusu Island. Four dead coral limestone 
outcrops (approximately 3.5 m in diameter and 2.5 m in height) that were at 
least 5 m apart were identified for the transplantation of the juvenile corals. 
Four sets of eight holes were then drilled into each outcrop and each replicate 
treatment was randomly assigned to one set of holes, such that the corals 
belonging to the same replicate holding tank were transplanted to the same 
outcrop (n = 4 outcrops). The plugs were inserted into the holes and stabilized 
using two-part marine epoxy (Villanueva et al. 2012).  
 
The survivorship and colony dimensions of the tagged coral juveniles on each 
plug were recorded every four weeks for 24 weeks (from February to August 
2013). Weekly radial and volumetric growth were calculated by dividing the 
respective differences in colony radii and ecological volumes at the start of 
the ex situ feeding regime and at the end of the experiment with the duration 
of the entire experiment (48 weeks). The data obtained for all the surviving 
corals in each replicate outcrop was then averaged. The mean daily 
temperature (Onset Computer Corporation Inc., Massachusetts, U.S.A.) in the 
transplant site was 29.9 ± 0.07°C (24 readings per day, n = 168 days). 
 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
130 
 
Cost analysis - Cost-estimates were tabulated for each of the five phases of 
the experiment: (1) Collection of source materials and establishment of coral 
culture, (2) Maintenance and ex situ monitoring, (3) Feeding, (4) 
Transplantation and (5) In situ monitoring, and further itemized into equipment 
costs, labour costs and boat trips following Edwards et al. (2010) and 
Villanueva et al. (2012).  The cost per coral produced before and after 
transplantation to the reef were then calculated. In addition, the cost per unit 
volumetric growth of each treatment group for both the ex situ feeding and 
post-transplantation phases was also estimated based on the total production 
costs, the mean weekly volumetric growth rates, duration and the number of 
tagged colonies alive at the end of each phase. 
 
Statistical analysis - Data for the final ecological volume, weekly radial and 
volumetric growth rates were first tested for homogeneity of variances using 
Leveneʼs test and normality using Shapiro-Wilk test, followed by one-factor 
ANOVA with Tukeyʼs HSD (Honestly Significant Difference) post-hoc test for 
all possible pairwise comparisons. As the variances for post-transplantation 
volumetric growth rates were heterogenous, a non-parametric Kruskall-Wallis 
analysis was used. Subsequent pairwise comparisons were analysed using 
Mann-Whitney U test. These analyses were computed using SPSS v 17.0 
(SPSS Inc). Data for the survivorship was analyzed using Cox Proportional-
Hazards regression model and logrank test (R 2.14.2), using the factors: 
initial colony radius, treatment and interaction between radius and treatment 
for analysis. The model that best explained the trend was selected using 
Akaike Information Criteria (AIC). 
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5.3. Results  
 
5.3.1. Early onset of heterotrophic feeding in juvenile Pocillopora damicornis 
corals 
Onset of feeding in P. damicornis  recruits - The development of tentacles 
and a primordial skeleton marks the end of metamorphosis in coral larvae and 
this typically occurs within a week after settlement. All the P. damicornis 
recruits completed the transformation from the larval stage to juvenile polyps 
two days after settlement, as observed by the presence of calcium carbonate 
skeletons and extended tentacles (Fig. 5.1). The tissues were darkened, and 
this is characteristic of the presence of zooxanthellae obtained through 
vertical transfer from the parent colony to the planulae. The recruits were 
observed to start ingesting one-day-old Artemia nauplii two days after 
settlement. The mean percentage of recruits exhibiting heterotrophy ranged 
from 4 % to 30 % at 3 and 10 days after settlement, respectively (Fig. 5.2) 








Figure 5.1. Development and feeding in Pocillopora damicornis recruits. Recruits at 
days 0, 1, and 2 after settlement ((a), (b), and (c) respectively). A two-day-old recruit 
adopting the preparatory feeding posture; (d) after the introduction of Artemia salina 
nauplii, followed by the capture (e) and ingestion (f) of a nauplii (arrow) upon physical 





Figure 5.2. Mean proportion (± S.D.) of P. damicornis recruits ingesting one-day-old 
Artemia salina nauplii over 10 days (n = 5). Between 12 and 30 recruits were settled 
on each tile. 
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Feeding mechanisms of P. damicornis  recruits -  In the absence of any 
prey stimuli, the tentacles of the P. damicornis recruits were vertically 
extended (Fig. 5.1c). Immediately after the introduction of Artemia nauplii, the 
recruits exhibited the preparatory feeding posture by extending their tentacles 
horizontally and above the mouth of the polyp (Fig. 5.1d). The mouths of the 
recruits were elevated and the mucus filaments were not observed. After the 
addition of the nauplii, the tentacles of the recruits rapidly engaged in a 
sweeping motion in the vicinity of the prey. Upon contact, the prey was 
captured and immobilized by the tentacle tips (Fig. 5.1e), and in some 
instances, multiple nauplii were captured by each recruit. The coral tentacles 
then contracted and began folding inward towards the mouth. The oral disk 
assumed a sunken concave shape and the nauplii, assisted by the tentacles, 
were directed into the mouth (Fig. 5.1f). None of the nauplii were deposited 
onto the oral disk or were trapped in the mucus surrounding the mouth of the 
recruit. 
 
Ingestion rates P. damicornis recruits - The P. damicornis  recruits were 
observed to ingest Artemia nauplii individually, although multiple nauplii could 
simultaneously be immobilized and attached to the coral tentacles. In this 
experiment, the time taken to ingest each nauplius ranged from 1 min 25 s to 
10 min 31 s. The coral recruits were also able to ingest up to six nauplii h−1 .
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5.3.2. Nutritional enhancement augments post-transplantation growth and 
survivorship of juvenile Pocillopora damicornis corals 
Growth of Pocillopora damicornis juveniles in ex situ feeding phase - 
The initial mean colony volume of the coral juveniles did not differ significantly 
among the treatment groups (F3,12 = 0.687, p = 0.057). The mean colony 
volume across the treatments increased monotonically over the ex situ 
feeding phase (Fig. 5.3a; Fig. 5.4). Juvenile corals in the 3600 nauplii L-1 
treatment group grew by more than 74 times their initial sizes and attained a 
mean final ecological volume of 248.38 ± 33.44 mm3 (mean ± S.E.; 4.03 ± 
0.18 mm radius). The final volumes of the colonies in the 1800, 600 and 0 
nauplii L-1 were 111.66 ± 20.8 mm3 (34 times the initial volume; 3.63 ± 0.25 
mm radius), 87.18 ± 12.91 mm3 (24 times the initial volume; 2.78 ± 0.12 mm 
radius) and 30.65 ± 8.65 mm3 (8 times the initial volume; 2.13 ± 0.05 mm 
radius), respectively.  
 
The weekly radial growth rates of the colonies (Fig. 5.3b) significantly differed 
among treatments (F3,12 = 30.8, p < 0.001). Colonies in the 3600 and 1800 
nauplii L-1 treatment groups grew at rates of 0.13 ± 0.008 mm week-1 (mean ± 
S.E.) and 0.11 ± 0.009 mm week-1 respectively, and were significantly faster 
than those in the 600 nauplii L-1 (0.08 ± 0.005 mm week-1, p < 0.001) and 
control (0.05 ± 0.002 mm week-1, p < 0.001) groups. Weekly volumetric 
growth rates (Fig. 5.3c) were also significantly different among treatments 
(F3,12 = 19.2, p < 0.001) with the colonies in the 3600 nauplii L-1 treatments 
growing significantly faster (10.65 ± 1.46 mm3 week-1) than colonies in the 
1800 nauplii L-1 (4.69 ± 0.9 mm3 week-1, p = 0.003), 600 nauplii L-1 (3.64 ± 
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Figure 5.3. Growth of Pocillopora damicornis juveniles in the 0 (control), 600, 1800 
and 3600 Artemia nauplii L-1 groups over a 24-week ex situ feeding regime: (a) mean 
ecological volumes, (b) mean weekly radial and (c) volumetric growth rates (± S.E.). 
The symbols *, **, and *** denote statistical significance at p = 0.05,  p = 0.01,  p = 
0.001 respectively. 





Figure 5.4. Pocillopora damicornis juveniles in the 0 (control), 600, 1800 and 3600 
nauplii L-1 treatment groups (a, c, e, g) after the 24-week ex situ feeding regime, and 
(b, d, f, h) 24 weeks after transplantation to the reef. Scale bar = 1 cm, arrows 
indicate the positions of the corals. 
 
Growth of Pocillopora. damicornis juveniles after transplantation - The 
mean colony sizes of all juvenile corals continued to increase steadily after 
transplantation to the reef (Fig. 5.4; Fig. 5.5a), with the colonies in the 3600 
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nauplii L-1 treatment group exhibiting the largest increase in size (1534 times 
the initial size at the start of the experiment). Final mean colony volumes for 
the 0, 600 1800 and 3600 nauplii L-1 groups were 512 ± 116 mm3 (mean ± 
S.E.; 137 times the initial volume; 5.03 ± 0.49 mm radius), 1066 ± 70 mm3 
(284 times the initial volume; 6.35 ± 0.14 mm radius), 2036 ± 627 mm3 (486 
times the initial volume; 7.25 ± 0.80 mm radius) and 4875 ± 260 mm3 (10.5 ± 
0.29 mm radius), respectively. 
 
Weekly radial growth rates (Fig. 5.5b) differed among the treatment groups 
(F3,12 = 26.05, p < 0.001). Colonies in the 3600 nauplii L-1 group (mean ± S.E.; 
0.198 ± 0.005 mm week-1) had significantly faster growth rates than the 
colonies in the 1800 nauplii L-1 (0.128 ± 0.016 mm week-1; p = 0.001), 600 
nauplii L-1 (0.109 ± 0.003 mm week-1; p < 0.001 ) and the control (0.082 ± 
0.01 mm week-1; p < 0.001) groups. A significant difference between the 1800 
nauplii L-1 and control groups was also present (p < 0.05). The weekly 
volumetric growth rates (Fig. 5.5c) were also significantly different (p = 0.006), 
displaying a similar trend as that of the radial growth rates. The mean 
volumetric growth rates were 101.5 ± 5.4 mm3 week-1, 42.3 ± 13.1 mm3 week-
1, 22.1 ± 1.5 mm3 week-1 and 10.6 ± 2.4 mm3 week-1 for the 3600, 1800, 600 
and 0 nauplii L-1 groups respectively. 
 




Figure 5.5. (a) Mean ecological volumes, (b) mean weekly radial and (c) volumetric 
growth rates (± S.E.) of juvenile Pocillopora damicornis in the 0 (control), 600, 1800 
and 3600 Artemia nauplii L-1 groups over 24 weeks after transplantation to the reef at 
Kusu Island. The symbols *, **, and *** denote statistical significance at p = 0.05,  p = 
0.01,  p = 0.001 respectively. 
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Survivorship of juvenile Pocillopora damicornis in ex situ feeding phase 
and after transplantation - In the ex situ feeding phase (Fig. 5.6a), there 
were no significant differences in survivorship across treatments (logrank test 
= 1.22, d.f. = 1, p = 0.27). Survival rates of the P. damicornis juveniles in the 
control, 600, 1800 and 3600 nauplii L-1 groups at the end of 24 weeks were 
45%, 54%, 58% and 47%, and the overall survival was 51%. Corals in the 
control, 600, 1800 and 3600 nauplii L-1 groups had post-transplantation 
survival rates of 38%, 56%, 59% and 63% (overall survival of 54%), and 
these were significantly different across treatments (Fig. 5.6b). 
 
Post-hoc pairwise comparisons revealed that the corals in the 3600 and 1800 
nauplii L-1 groups (p = 0.016 and p = 0.044, respectively) had significantly 
higher survival rates than the control. The difference in survivorship was 
accounted for by both the initial radius prior to transplantation (logrank test = 
6.86, A.I.C. value = 535, d.f. = 1, p = 0.009) and treatment (logrank test = 
6.26, A.I.C. value = 536, d.f. = 1, p = 0.012), and both factors were highly 
correlated (r = 0.6).  
 
Figure 5.6. Survival curves of Pocillopora damicornis juveniles in the 0 (control), 600, 
1800 and 3600 nauplii L-1 groups (a) in the ex situ feeding phase (24 weeks, n = 72) 
and (b) after transplantation (24 weeks, n = 32).  




Cost analysis - The total cost for producing 288 coral plugs in the ex situ 
feeding phase and transplanting 128 corals to the reef was an estimated 
US$10467. Over 40% was attributed to the cost of establishing the coral 
culture, which included the harvesting of donor colonies, setting up of culture 
tanks and the collection of planulae (Table 5.1, Supplementary table S5.1). 
Over 34% of the total costs arose from the transplanting and subsequent 
monitoring of the coral transplants, while feeding and maintenance of the 
coral juveniles contributed to the remaining 9.6% and 7.2% respectively. 
 
The cost of propagating 288 corals was estimated at US$20.90 coral-1. Taking 
into account the mean survival rate of 51% at the end of the ex situ feeding 
phase, the cost per coral was US$40.98 (Table 5.1). The cost of each 
transplanted coral was estimated at US$81.78. With a 54% mean survival 
rate 24 weeks after transplantation, the cost per coral was US$151.44 (Table 
5.1). In the ex situ feeding phase, the cost per unit growth decreased with 
increasing feeding densities (Table 5.2), making the 3600 nauplii L-1 treatment 
group the most cost-effective. The cost per unit volumetric growth was 
US$0.18 mm-3, which was more than seven times cheaper than that of the 
control group. A similar trend was observed for the corals after transplantation 
– the cost per unit volumetric growth for the 3600 nauplii L-1 treatment was 
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Table 5.1. Summary of the cost estimates of producing 288 plugs with live Pocillopora 
damicornis juveniles under four ex situ feeding regimes (0, 600, 1800, 3600 nauplii L-
1) for 24 weeks, followed by the transplantation of 128 coral plugs and subsequent 
monitoring for 24 weeks.  
 
Phase Subcategory Cost (US$) Percentage of total cost 
(%) 
1. Establishment of coral culture  4261.69 40.7 
2. Maintenance   757.22 7.2 
3. Feeding regime  1000.9 9.6 
 3.1 Control treatment 0 0 
 3.2 600 nauplii/L 333.27 3.2 
 3.3 1800 nauplii/L 333.58 3.2 
 3.4 3600 nauplii/L 334.05 3.2 
4. Transplantation  860.24 8.2 
5. In situ monitoring  3587.70 34.3 
Grand Total   10467.75  




Ex situ production cost per coral  20.90  
Cost per coral (51% survival)  40.98  




Cost (54% survival)  151.44  
Mean survival rates across the treatments were used for the calculation of cost effectiveness at the end of 
each phase. Costs were estimated in Singapore Dollars (S$) prior to conversion to US$ at the rate of S$ 




Table 5.2. Estimated cost per unit volumetric growth of the Pocillopora damicornis 
colonies after the ex situ feeding (24 weeks, n = 288) and transplantation phase (24 
weeks, n = 128).  
 
















Ex situ feeding 0 1.18 45 3670 5018.91 1.37 
 600 3.64 54 13586 6351.99 0.47 
 1800 4.69 58 18802  6353.11 0.34 
 3600 10.65 47 34598  6355.11 0.18 
Transplantation 0 10.6 38 24748  9466.85 0.38 
 600 22.1 56 76038  10799.93 0.14 
 1800 42.3 59 153335  10801.17 0.07 
 3600 101.5 63 392878  10803.05 0.03 
Total volumetric growth for each phase was estimated based on the mean weekly volumetric growth rates, 
duration and the number of live tagged colonies at the end of each phase. Production cost for each 
treatment group was calculated based on the cost estimates for the entire experiment. 




Heterotrophy is vital for supplementing coral nutrition as it accounts for up to 
35% of the daily total metabolic requirements in healthy scleractinian corals, 
and even up to 100% in bleached corals (Houlbrèque & Ferrier-Pagès 2009). 
In the first part of this study, it was demonstrated that coral recruits were able 
to commence feeding of Artemia nauplii at day two post-settlement and 
exhibited high ingestion rates. It is also plausible that the heterotrophic 
feeding of other food sources, such as dissolved organic materials and 
suspended particulate matter, could have occurred much earlier in 
scleractinian corals.  
 
Cumbo et al. (2012) noted that Seriatopora caliendrum  recruits in subtropical 
Taiwan were able to commence feeding of Artemia nauplii eight days post 
settlement, but our observations on the onset of heterotrophy was six days 
earlier. This difference was expected since the rate of metamorphosis can 
vary due to spatial, temporal, environmental, and species differences 
(Harrison & Wallace 1990), and could thus profoundly influence the onset of 
zooplanktivory in coral recruits. The completion of metamorphosis in coral 
larvae, evident from the formation of primordial calcium carbonate skeleton 
and tentacle extension (Harrison & Wallace 1990), appears to be an 
important pre-requisite for zooplankton feeding since none of the recruits 
were observed to feed at days zero and one after settlement, when 
metamorphosis remained incomplete in most of the coral polyps. However, 
after metamorphosis, the functionality of the nematocysts of the recruits for 
prey capture can vary considerably among individuals and genotypes (Sharp 
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et al. 2010), and this could account for the variability in the mean feeding 
proportion observed (Figure 5.2). 
 
The assumption of the preparatory position in response to the chemical 
stimuli given off by the prey is essential for effective prey capture (Figure 5.1). 
Immediately after the introduction of Artemia nauplii, the tentacles of the P. 
damicornis recruits were elevated and spread out horizontally to increase the 
tentacle crown diameter and maximize the prey contact (Sebens et al. 1996). 
This behavioral response is similar to that elicited by sea anemones 
(McFarlane 1970; Williams 1972) and was consistent with the observations in 
adult scleractinian corals (Lewis & Price 1975). The ability of P. damicornis 
coral recruits to capture and immobilize Artemia nauplii upon physical contact 
was attributed to the nematocysts on the tentacles. While Sharp et al. (2010) 
have reported the presence of coral nematocysts in both the larvae and 
recruits, our findings have provided evidence for the functionality of the 
nematocysts in coral recruits. The subsequent contraction of the coral 
tentacles to guide the Artemia nauplii directly into the polyp mouth without 
depositing the prey on the oral disks was evident that the use of tentacular 
prey capture is the primary feeding mechanism in P. damicornis  recruits. This 
was characteristic of scleractinian corals with the Group I feeding strategy 
(Lewis & Price 1975), which included corals in the family Pocilloporidae. 
Interestingly, the ingestion rates exhibited by the coral recruits were 
comparable to that in the adult corals reported in Sebens et al. (1996) (2–6 
individuals polyp−1 h−1). 
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Since juvenile corals were capable of feeding in the early stages of their 
development, a logical extension of the first study would be to examine the 
effects of nutritional enhancement on juvenile coral growth and survivorship. 
In the second part of this study, the use of Artemia nauplii as coral feed 
significantly augmented the growth of P. damicornis juveniles. Coral 
volumetric growth rates increased by up to 9 times with the addition of higher 
densities of Artemia nauplii, leading to final ecological volumes that were 2.9 
to 8.8 times greater than those in the control groups after 24 weeks (Fig. 5.3). 
These results were comparable to work by Petersen et al. (2008), who 
reported that Acropora tenuis juveniles fed with 3750 Artemia nauplii L-1 and 
Favia fragum juveniles fed with 300 nauplii L-1 respectively grew eight and five 
times larger than those in the control group. Since juvenile coral growth was 
proportionate to feed densities and the growth rates did not slow down even 
at 3600 nauplii L-1, further increment of feeding densities and frequency would 
likely augment coral growth further. Additionally, as heterotrophy is known to 
play an important role in mitigating effects during stress events such as coral 
bleaching (Houlbrèque & Ferrier-Pagès 2009), introducing live feed during the 
early life stages can assist juvenile corals in attaining the required refuge size 
faster and cope with the effects of acute environmental stress.  
 
Ex situ mariculture can help to enhance the survivorship of coral fragments  
(>98%; Shaish et al. 2010; Ng et al. 2012) and sexual propagules (60-75%; 
Petersen et al. 2008; Nakamura et al. 2011) by providing a conducive 
environment for the coral material to grow, but the facilities are usually 
expensive to run (Shafir et al. 2010), inadvertently placing limits on the 
duration of rearing as well as the potential for any improvements to 
Toh TC 2014. The use of sexually propagated scleractinian corals for reef restoration. 
145 
 
survivorship (Petersen et al. 2008). As survivorship increases with colony size 
(van Moorsel 1985), it is important to explore ways of accelerating the growth 
of juvenile corals in the least possible time. In this experiment, coral 
survivorship did not improve substantially despite significant increases in 
growth, as was consistent with that observed by Petersen et al (2008). 
However, at 51%, the mean survival rates across treatments were more than 
four times higher than if juvenile corals of the same size class were to be 
transplanted to the field (Raymundo & Maypa 2004), underscoring the 
usefulness of feeding corals in ex situ mariculture to optimise restoration 
outcomes.  
 
Twenty-four weeks after transplantation, the juvenile coral transplants were 
1.5 to 2.1 times larger than their initial sizes (Fig. 5.3). This corroborated with 
other studies wherein 6-months-old and 8-months-old branching juvenile 
corals grew 1.5 to five times their initial diameters six months after 
transplantation (Raymundo & Maypa 2004; Omori et al. 2008). More 
importantly, the growth rates of fed corals remained consistently higher than 
those of the unfed corals even after transplantation to the reef, suggesting the 
possibility that benefits obtained from the ex situ feeding regime will continue 
even after feeding has stopped.  
 
The enhancement in growth from the ex situ feeding regime improved the 
post-transplantation survivorship of the juvenile corals. Both size and feeding 
regimes were able to account for the survivorship patterns observed, 
supporting the observations of size-dependant mortality in scleractinian corals 
(Raymundo & Maypa 2004). Since nutrition enhancement was a direct 
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causative agent of the coral growth and both the effects of size and feeding 
regime on survivorship were highly correlated, it exerted a concomitant effect 
of augmenting post-transplantation survival. Clearly, size was a key 
determinant of post-transplantation survival. However, the average post-
transplantation mortality rate of all P. damicornis juveniles (46%) was higher 
than that reported from other studies (11 – 34%; Raymundo & Maypa 2004; 
Omori et al. 2008; Villanueva et al. 2012), likely due to the high sediment 
levels in Singapore waters, which have been estimated to limit scleractinian 
recruitment to two individuals per squate meter (Dikou & van Woesik 2006). 
As was observed during monthly visits to the study site, most juvenile 
colonies were smothered by fine particulate sediment, with obvious damage 
to the coral tissue. Post-transplantation survivorship can thus be expected to 
be lower in areas experiencing chronic sedimentation such as Singapore. It is 
clearly advantageous to boost the survival chances of juvenile corals by 
implementing an ex situ nutritional enhancement regime to increase colony 
size prior to transplantation. 
 
While nutritional enhancement confers significant ecological advantages to 
juvenile corals in ex situ mariculture, the process should still be thoroughly 
assessed and reviewed to boost its economic viability. In the current study, 
nutritional enhancement constituted only 9% of total production costs. Of this 
amount, 99% was attributed to the labour required for transferring the corals 
from the holding tanks to the feeding tanks. Such costs can be reduced 
further in commercial mariculture systems where the corals do not need to be 
transferred elsewhere for feeding. The results also showed that corals 
supplied with the highest density of feed (3600 nauplii L-1) attained ecological 
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volumes close to that of the corals in the control group at the end of the 24-
week feeding phase, in as early as eight weeks. This corresponds to a two-
third reduction in ex situ rearing time and translates to significant reductions in 
operational costs. Additionally, the cost-effectiveness of the method was 
apparent as the cost per unit volumetric growth of the corals fed with 3600 
nauplii L-1 was more than seven and twelve times cheaper than the controls in 
both the ex situ rearing and post-transplantation phases, respectively. 
However, it must be noted that directly comparing project costs among 
localities leads to inaccuracies. For example, costs per coral can be as low as 
US$11 in the Philippines (Villanueva et al. 2012) to as high as US$151 in 
Singapore (this study), mainly due to differences in manpower and equipment 
costs – labour costs differed by almost six-fold while the cost of boat hire 
differed by nearly ten-fold. Exploring other options such as recruiting 
volunteers to reduce labour costs (Omori et al. 2008) or increasing production 
for economies of scale (see Nakamura et al. 2011) would help to improve 
cost-effectiveness.   
 
Altogether, the behavioral observations in this study have provided strong 
evidence for the onset of zooplanktivory in coral recruits and the associated 
feeding mechanism. Furthermore, it was clear that supplying live Artemia 
salina nauplii as coral feed was able to enhance juvenile coral growth rates 
and survivorship in both the ex situ nursery phase as well as six months after 
they had been transplanted to a reef. These findings are important, because 
even though sexually-derived corals are increasingly used as material for reef 
restoration (e.g. Omori et al. 2008; Villanueva et al. 2012), the high mortality 
rates of the juvenile propagules is often a challenge in such projects. Since 
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long rearing periods are infeasible due to high operational costs, nutritional 
enhancement may be considered as a means of reducing the time and cost 
required for the coral material to be reared in mariculture facilities. The 
approach is simple, cost-effective, and harbours the potential for large-scale 
application. 
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CHAPTER 6. CONCLUSIONS 
6.1. From larval rearing to transplantation: Best practices for using 
sexually propagated corals for reef restoration 
This dissertation has provided key empirical evidence supporting the use of 
sexually propagated corals as source materials for coral reef restoration. 
Through a synergistic multi-disciplinary approach across a diverse range of 
research fields, including aquaculture, economics, coral biology and reef 
ecology, several key areas impeding large-scale application of this technique 
were identified. These challenges have been addressed sequentially through 
a series of experimental aquaria and field based approaches, and the results 
have contributed to the advancement of reef restoration science and 
improved the feasibility of using coral sexual propagation for reef restoration.  
 
In chapter 2, it was demonstrated that broadcast spawning corals can 
produce up to 550,000 propagules in one night, while brooding corals can 
produce up to 20,000 propagules per colony per day. the generation of large 
numbers of genetically diverse scleractinian coral propagules has immense 
potential for use in reef restoration. More importantly, the methods for 
establishing the ex situ coral larvae culture for both brooding and 
broadcasting corals have now been established.  
 
For broadcasting coral species, a minimum of two colonies must spawn 
synchronously to ensure high fertilization rates of at least 70%  and more 
colonies will be required for gonochoric species. The excess sperm after 
fertilization must be washed away to prevent polyspermy and disintegration of 
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the embryo (Tomaiuolo et al. 2007; Guest et al. 2010), which would otherwise 
rapidly increase the fouling of the rearing tanks. The subsequent development 
of the coral embryos is the most vulnerable life stage and physical agitation of 
the water column should be minimised to prevent shearing of the embryos 
before gastrulation is completed. Thereafter, with strict and meticulous 
maintenance regimes to reduce fouling of the water column by bacterial 
growth and larvae mortality, the coral larvae culture can be sustained with low 
mortality rates and settlement competent larvae can be produced. In contrast, 
the process for larval collection from brooding species was less laborious, 
since these corals undergo internal fertilization and embryonic development 
occurs within the coral. Robust coral planulae, which are ready to settle within 
48 hours, are released directly into the water column, eliminating the need for 
assisted fertilization and embryo maintenance. 
 
For both brooding and broadcast corals, the provision of settlement 
substrates with settlement cues is essential for coral larvae metamorphosis 
(Heyward & Negri 1999) and this can be achieved easily via biological 
conditioning of the substrates in seawater in the aquaria or on the reef. The 
design of the substrates should facilitate handling and subsequent 
transplantation to the reef and although the use of terracotta tiles and coral 
rubble have been widely used for settlement, they can be difficult to secure 
onto the reef. The timely introduction of settlement substrates during the peak 
settlement competency period of the coral larvae can ensure the efficient 
production of a large number of substrates with live corals. Since the 
competency periods can vary across species and localities, it is important to 
conduct competency trials concurrently, during the larval rearing phase. The 
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replacement of settlement substrates should also be done daily to reduce 
aggregation of coral recruits and thus minimise intraspecific competition and 
associated mortality. 
 
In chapter 3, the propagation of sexually-derived Faviid corals were 
attempted for the first time, providing evidence that such an approach for 
generating source materials for transplantation is technically feasible even for 
slow-growing massive corals. Ex situ and in situ nurseries were included in 
this study, since available literature points to the importance of incorporating a 
nusery phase to augment coral growth and survival (Shafir et al. 2006; Guest 
et al. 2014), which would otherwise result in substantial mortality if the coral 
juveniles were to be transplanted to the reef directly. While the completion of 
metamorphosis enhances the robustness of the coral recruits to mechanical 
stress, they continue to face a slew of stressors stemming from biotic and 
abiotic sources. It was demonstrated in this study that the highest post-
settlement mortality occurred within the initial 10 months of the ex situ 
mariculture phase (approximately 40%) and this posed a key bottleneck for 
the entire propagation effort. In contrast, the mortality rates in the in situ 
nursery and after transplantation to the reef were substantially lower 
(approximately 10%). This was unexpected since the conditions in mariculture 
facilities can be carefully monitored and regulated to reduce the occurrence of 
contamination, predator infestation and thermal extremities.  
 
The proliferation of fouling macroalgae in ex situ nurseries: a persistent 
problem that is exacerbated in tropical regions where the climate is 
favourable for algal growth. The overgrowth of macroalgae can severely 
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impact scleractinian corals through a range of mechanisms, reducing the 
growth and survival of the cultured corals (McCook et al. 2001; Petersen et al. 
2008). Traditionally, physical removal and antifouling technologies have been 
employed to curb macroalgae proliferation (Shafir et al. 2006, 2009), but 
these techniques tended to drive up labor and equipment costs significantly, 
and are hardly sustainable on a large-scale. Hence, cheaper alternatives for 
limiting macralgae overgrowth should be developed, to ensure the cost-
effectiveness of propagating sexually-derived corals in ex situ aquaria. 
 
In chapter 4,  the introduction of biological controls in ex situ coral mariculture 
proved to be a feasible supplementary practice for rearing corals, as corals 
fared better in the grazer treatments than the controls. However, prior to any 
introduction of biological controls, selection frameworks such as that 
introduced in this chapter should be in place to reduce potential risks of 
species invasion and the organismsʼ suitability as biological controls for the 
target cultured species should be ascertained. The sea urchin Salmacis 
sphaeroides and the gastropod Trochus maculatus were able to reduce algae 
growth rapidly and were efficient at curbing algal proliferation throughout the 
nursery phase. However, since the dietary habits of the grazers tend to shape 
the resultant algal community, continued monitoring and maintenance 
regimes should still be put in place to prevent the proliferation of any 
persisting algae species.  
 
The transplantation of corals to the target recipient site is the final step of the 
restoration effort. As demonstrated in chapter 2, settlement substrates 
should be secured using adhesives to prevent dislodgement and the coral 
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tissue should be in contact with the reef to facilitate attachment and 
colonization. Coral settlement devices that can be inserted into holes and 
crevices, such as that used in this dissertation were particularly useful for 
transplantation, and detachment rates can be reduced to less than 5% over a 
year. However, the transplanted corals face different environment stressors 
from that in the ex situ mariculture phase, since they will be exposed to 
unregulated interspecific competition from sponges and ascidians, and 
variable environmental conditions such as water flow and sedimentation. The 
attainment of the refuge size of the coral is therefore beneficial for sustained 
growth and survival of the transplant. In chapter 5, it was demonstrated that 
nutritional enhancement of coral recruits in the ex situ mariculture phase can 
augment growth, with flow-on effects even after transplantation, to increase 
growth and survival rates. The timing to commence feeding can vary among 
species and localities, but can be readily determined via behavioural 
observations. As an added advantage, the nursery time required to produce 
coral of the required size and the associated operational costs were reduced 
significantly, thus contributing to the cost-effectiveness of such an initiative. 
Finally, routine monitoring of the transplants should be conducted to secure 
dislodged corals and physical maintenance of the transplant site to minimise 
the effects of biotic stressors on the corals. 
6.2. Concluding remarks 
In face of the changing environmental and social dynamics that can hinder 
the effectiveness of reef restoration, this dissertation has contributed crucial 
techniques and knowledge that can be incorporated into the adaptive 
management frameworks for future reef restoration projects. Additionally, this 
dissertation has also built on existing literature on coral biology by addressing 
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knowledge gaps in coral developmental biology. Altogether, this dissertation 
further underlines the importance of undertaking informed and science-based 
decisions in coral reef management and conservation efforts, to ensure 
efficacy and efficiency. 
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Appendix A: Supplementary data  
Table S5.1. Detailed cost estimates of producing 288 plugs with live Pocillopora 
damicornis juveniles under four ex situ feeding regimes (0, 600, 1800, 3600 nauplii/L) 
for 24 weeks, followed by the transplantation of 128 coral plugs and subsequent 
monitoring for 24 weeks. 
 
Personnel involved in the study corresponded to skill levels 2 and 3 in Edwards et al. (2010), adopting local 
hiring rates in the National University of Singapore (NUS). The costs for SCUBA gear hire, air tank and 
boat were estimated based on local commercial rates. The monthly rental rate for aquaria facilities (18 m2) 
in the Tropical Marine Science Insitute, St Johns Island was US$22.35/m2. Mean survival rates across the 
treatments were used for the calculation of cost effectiveness at the end of each phase. All published rates 
are correct as of September 2013, and all costs were estimated in Singapore Dollars (S$) prior to 
conversion to US$ at the rate of S$ 1.26 = US$ 1. 
* One skill level 2 and one level 3 personnel were involved in this activity. 
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Feeding increases coral transplant survival
Juvenile corals fed prior to transplantation to new reef more successful
Feeding juvenile corals prior to transplantation into a new
reef may increase their survival, according to a study
published June 4, 2014 in the open-access journal PLOS ONE
by Tai Chong Toh from the National University of Singapore
and colleagues.
The global decline of coral reefs and the loss of associated
ecological services have necessitated immediate intervention
measures to try to reverse their further deterioration.
Scientists have attempted to recolonize damaged reefs by
transplanting juvenile corals, but the survival of young corals
on the reef remained low. To test if feeding juvenile corals in
order to reach a larger size would improve post-
transplantation survivorship, coral recruits were fed four
groups different amounts of food (3600, 1800, 600 and 0
nauplii/L) twice a week for 24 weeks in an ex situ nursery.
The authors found that fed coral recruits grew significantly
faster and larger in the lab than unfed corals. Juvenile corals
supplied with the highest density of food (3600 nauplii/L)
increased by more than 74 times their initial size. Once these
coral were transplanted, the fed ones had significantly higher
survival rates than unfed ones. The authors suggest that
nutritional enhancement can augment coral growth and post-
transplantation survival, and is an economically viable option
that can be used to supplement existing coral transplant
procedures and enhance reef restoration outcomes.
Mr. Toh added, "The results have underlined the feasibility of
feeding juvenile corals as a supplementary measure to
enhance coral transplant survival on the reef, and this could
be applied to both aquaculture and restoration efforts."
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